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ABSTRACT 
 
 The sodium-cooled fast reactor (SFR) is one of the six Gen-IV reactor concepts, and it is a 
near-term deployable reactor concept with its technological achievement and the experience through 
that many countries have operated and developed. On the other hand, the small modular reactor (SMR) 
concept is representative reactor design concept for the near future regarding the advanced plant design 
trend. There are some SMR concepts developed in some countries and it is expected that the SMR 
market would be enlarged to fit the global electricity demand with the flexibility of SMRs. 
 In this thesis, a hybrid concept of SFR and SMR is developed with the characteristics of an 
ultra-long cycle operation and the advanced safety feature arisen from the combination design of the 
two reactor design concepts. There are some important parameters in the fast reactor physics such as 
conversion ratio, capture to fission ratio, fertile fission bonus, and they can be very different according 
to the design option. The coolant void reactivity and the thermal expansion coefficients are the critical 
parameters in fast reactor core design that decide the safety of the core. Choosing metal fuel and liquid 
metal coolant also secure the inherent safety of fast reactor with its reactivity parameters so the materials 
of them dominate the key characteristics of the core. At the same time, to have transportability of the 
reactor modules, which is one of the important identities of SMR, the diameter of the reactor vessel or 
the core barrel is limited less than 3 m. 
 Before reactor design, the feasibility study of the ultra-long cycle operation was performed for 
the target of 30-year operation. For this, existing small fast reactor concepts with long-cycle operation 
were assessed first, and the fuel, coolant, and structure materials were reviewed. In the reactor design 
stage, the reactor and core design requirements were set based on the previous SFR and SMR design 
studies and the feasibility study of long cycle operation of small fast reactors. With the core design 
requirement, pin, assembly and the core design parameters were determined so as to have the safety 
feature in any state during the long cycle operation. With the fixed core geometry, five breed-and-burn 
strategies were tested in the five different cores, and finally an optimized breed-and-burn strategy was 
developed through the combination of the test cases. 
 The core performance of the final core design was evaluated and the operation feasibility was 
assessed in the neutronics point of view. It was confirmed that the 30-year operation of the core is 
feasible even its conversion ratio is less than unity and that the active core breeds in radial direction 
from the peripheral region and the power peak moves to the core center as the burnup propagates. The 
Pressurized Water Reactor (PWR) spent fuel was tested by loading for the blanket material and the 
operation feasibility of it was also confirmed. Core kinetics parameters and reactivity feedback 
coefficients were assessed, and the sodium void worth and expansion coefficients show negative values. 
The control rod system was investigated that it is optimized to control the core reactivity to make it 
critical throughout its operation time and to secure the shutdown margin and another primary control 
rod material was proposed. With the integral reactivity parameters, the quasi-static reactivity balance 
analysis performed for the anticipated transient without scram (ATWS) events, the unprotected loss of 
flow (ULOF), unprotected loss of heat sink (ULOHS), and unprotected transient over power (UTOP) 
events, and it shows the inherent safety of the core. Furthermore, the transient analysis was also 
performed and it has been confirmed that this newly developed core is inherently safe and has capability 
to cope with the beyond design basis accident (BDBA). 
 Both Monte Carlo and deterministic approaches were utilized by using neutronics computer 
codes for the steady-state analysis in the design and evaluation stage of the core modeling. Moreover, 
safety analysis computer code system was also utilized to perform the transient analysis for the modeled 
core.  
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I. INTRODUCTION 
 
 
Energy production and its supply have become the most important issue in the world according to the 
world population increase, and its impact and importance have been being emphasized more. It is noted 
that the humanity’s top ten problems to solve for next 50 years was presented and the first rank was 
energy [1]. Particularly, the clean energy production without carbon emission has arisen as a worldwide 
task according to the environmental issue which is also ranked fourth in the humanity’s top ten problems 
for next 50 years. It is noticed that it was found by National Snow and Ice Data Center (NSIDC) satellite 
in a sign of rising global temperatures that both the Arctic and the Antarctic experienced the lowest 
record in sea ice extent in November 2016 that it declines by twice the size of Alaska or the size of 
India. Since the end of 20th century, to solve these issues, many efforts have been performed to generate 
electricity with clean energy sources and there are some energy source candidates that have been utilized 
successfully as shown in Figure 1.1. The nuclear energy has been developed as one of the promising 
clean energies for the future because of its cost-effective electricity production and sufficient reserves. 
The understanding of the nuclear energy need has been spread even though there were some disasters 
such as Fukushima Daiichi nuclear power plant accident which was the critical reason for emphasizing 
the safety in the recent nuclear reactor design trend. 
 
 
*Others: Biomass, Geothermal, Solar, Tide, Wave, Wind 
 
Figure 1. 1. World electricity production by fuel source type [2]. 
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To ensure that nuclear energy is the most valuable alternative energy source to deserve investment, 
many international cooperations are being made. The International Project on Innovative Nuclear 
Reactors and Fuel Cycles (INPRO) makes an effort to ensure that nuclear energy is available for 
contributing to reach the energy needs of the 21st century in a sustainable manner and their activity 
results are provided for International Atomic Energy Agency (IAEA) members [3].  
 
1.1 Next Generation Reactors 
 
As nuclear power plant evolves, the development of next generation nuclear reactor becomes an 
important task to prepare. Many development plans are being established in the developing countries 
as well as in the developed countries and there are already many reactor concepts proposed in some 
countries to be constructed. Nuclear power plant has been evolved since the middle of 1900’s and Light 
Water Reactor (LWR) has been the most widely used reactor type ever since as shown in Figure 1.2, 
and the nuclear power plant development is no different from the LWR development history although 
there are other reactor types like CANadian Deuterium Uranium (CANDU).  
 
 
 
Figure 1. 2. Evolution of nuclear power plant [4]. 
 
In the Generation IV International Forum (GIF), one of the international initiatives for nuclear energy, 
six generation four (Gen-IV) reactors were presented as presented in Figure 1.3 particularly focused on 
sustainability, safety and reliability, economics, proliferation resistance, and physical protection, and 
they are totally different from LWR with some innovative technical mechanisms [4]. The six reactor 
concepts have different operation condition as summarized in Table 1.1. The sodium-cooled fast reactor 
3 
 
(SFR) is one of the six Gen-IV reactor concepts and it is the most near-deployable reactor concept with 
its technological mature and operation experience in the world. 
 
 
 
Figure 1. 3. Six reactor types for Generation IV nuclear reactor [4]. 
 
Table 1. 1. Overview of the six Generation IV systems [5]. 
 
System Neutron Spectrum Coolant Temperature [ºC] Fuel Cycle Size [MWe] 
VHTR Thermal Helium 900-1000 Open 250-300 
SFR Fast Sodium 550 Closed 
30-150 
300-1500 
1000-2000 
SCWR Thermal/fast Water 510-625 Open/closed 
300-700 
1000-1500 
GFR Fast Helium 850 Closed 1200 
LFR Fast Lead 480-800 Closed 
20-180 
300-1200 
600-1000 
MSR Fast/thermal Fluoride salts 700-800 Closed 1000 
 
On the other hand, the small modular reactor (SMR) concept is actively developed as a representative 
reactor design concept regarding the advanced plant design trend; plant availability increase, reduction 
of plant components, design for easier and shorter construction, safety design. This reactor concept 
inherently has the construction flexibility due to its relatively small size; scalability with shorter 
development, leveraging financing, factory manufacturing, broader shipping/site options, alternative 
4 
 
for old thermal power plant, passive safety. There are already many SMR concepts and the SMR market 
is expected to be enlarged to fit the global electricity demand with the flexibility of SMRs. IAEA 
estimates it would be near 350 billion dollar market and trillions dollar of relevant market would be 
possible. United States (US) Department of Energy (DOE) also estimated that SMRs will capture 30 % 
of the future market for nuclear reactors by 2050 that it is estimated at around 1000 GWe assuming an 
average SMR size of 300 MWe, which implies 1000 units. 
 
1.2 Advanced Reactor Concept Proposal 
 
A combination concept of SFR and SMR, named Small Modular Sodium-cooled Fast Reactor (SM-
SFR), is proposed and a design approach for the reactor is analyzed to make it feasible. There are already 
some small-size non-light water reactor concepts as summarized in Table 1.2. They all use liquid metal 
as a coolant material and most of them uses low enriched uranium (LEU) of near 20 % enrichment 
while their fuel form, cycle length, and power output are different each other. SM-SFR is expected to 
be characterized by the combination of the favorable characteristics from the reactors in Table 1.2 
through a design optimization study. In addition to this, PWR spent fuel utilization, one of the urgent 
issues in Korea as presented in Table 1.3, is added for the reactor concept to be newly developed, which 
can contribute as an interim storage. Therefore, the target characteristics of the SM-SFR can be 
summarized as following; an enough power rating for a small city with an independent grid, modularity 
and transportability, ultra-long cycle operation without refueling, PWR spent fuel utilization, and 
inherent safety.  
 
Table 1. 2. Non-light water cooled SMR concepts [6]. 
 
Parameters CEFR 4S 
PFBR-
500 
BREST-OD-
300 
SVBR-
100 
PRISM G4M 
Power, 
thermal/electrical 
[%] 
65/20 30/10 1250/500 700/300 250/101 840/311 70/25 
Coolant Sodium Sodium Sodium Lead LBE Sodium LBE 
Fuel form 
PuO2-
UO2 
U-Zr 
PuO2-
UO2 
PuN-UN-
MA 
UO2 U-Pu-Zr UN 
U Enrichment [%] 19.6 <19 2 zones N/A <16.4 26(Pu) 19.75 
Fuel cycle [year] N/A 30 0.5 1 7~8 1.5 10 
Design Life [year] 30 30 40 60 60 N/A 5~15 
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Table 1. 3. Status of spent fuel storage in Korea (Sep. 2014) 
 
Site Capacity (t) Current Storage (t) Expected Saturation (t) 
Gori 2,691 2,121 2016 (2026*) 
Hanbit 3,318 2,202 2021 (2024*) 
Hanul 2,960 1,848 2018 (2025*) 
Wolseong 
LWR 219 27 2022 
HWR 9,441 7,225 2017 (2026*) 
Total 18,629 13,423 * Capacity Extension case 
 
1.3 Objective and Scope 
 
The research objective of this study is to develop a design logic for a small modular sodium-cooled fast 
reactor core with an inherent safety targeting a long-cycle operation. This newly developed reactor core 
concept would have the feasibility of utilizing PWR spent fuel (SF) as a blanket material. The research 
scope is focused on the core design and evaluation, but it includes an inherent safety analysis and the 
design requirements proposal of the other reactor components.  
 
This thesis is organized with the following chapters. 
- Chapter 2 introduces the methodologies and corresponding tools for core analysis. 
- Chapter 3 describes the methodologies focusing on the core design strategy particularly for fast 
reactor and small modular reactor. 
- Chapter 4 assesses the feasibility of a long-cycle operation of small modular sodium-cooled fast 
reactor with the evaluation of existing concepts and assessment of the material performance of the 
core. 
- Chapter 5 proposes a reactor design requirement drawn in former chapters and set detail core 
design parameters with evaluating the constraints and safety margin. 
- Chapter 6 evaluates the performance of the core proposed in chapter 5 in the neutronics point of 
view that is followed by the safety analysis. 
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II. METHODOLOGY AND TOOL 
 
 
2.1 Steady-state Analysis 
 
2.1.1 McCARD 
 
The design of fast reactors and the computation for each core were performed by the McCARD Monte 
Carlo code, which solves a continuous energy neutron transport equation [8]. This code was made in 
the C++ language and designed exclusively for neutronics analysis of multiplying media such as fuel 
pins, assemblies, and whole reactor cores. The code can handle arbitrary geometry by dividing it into 
three dimensional unit cells that are defined with surfaces using planes, cylinder, and spheres as 
geometry inputs. Since McCARD is also designed for the depletion analysis of nuclear power reactors, 
it has built-in subroutines to solve the depletion equation while other Monte Carlo codes need to couple 
with external depletion analysis codes. The depletion analysis capability can be activated by simply 
declaring the burnup cell and burnup card, and then the code automatically generates burnup tallies. 
The McCARD code was validated with various benchmark problems from the International Handbook 
of Evaluated Criticality Safety Benchmark Experiments [9], which includes not only thermal spectrum 
but also fast spectrum critical experiments fueled with uranium and/or plutonium fissile materials. The 
depletion capability of the code was validated by comparison with well-known burnup codes such as 
CASMO [10], HELIOS [11], and MVP-BURN [12]. 
 
2.1.2 MC2-3/TWODANT/REBUS-3 
 
In order to identify the core lifetime and core performance, depletion calculation was carried out with 
the one-year burnup step. To obtain the various kinetic parameters and reactivity feedback coefficients, 
the perturbation theory calculation code was used. Figure 2.1 shows the entire flow of fast reactor 
analysis. 
 
(1) MC2-3: multi-group cross-section generation 
The generation of multi-group cross sections for the fast reactor was conducted by MC2-3 [13]. The 
multi-group data files were produced specifically for the material composition and core geometry of the 
selected core design. Generating a multi-group cross section was divided into two steps. The first step 
is to generate region-wise flux spectra using TWODANT [14], which is a discrete ordinate transport 
code. The region-wise, ultrafine group macroscopic cross sections generated by MC2-3 for each 
homogenized assembly are used as input for TWODANT. The broad group macroscopic cross sections 
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are generated by using the region-wise, ultrafine group flux spectra from TWODANT transport solution. 
The REBUS-3 and DIF-3D codes use these cross sections for nodal calculation and core depletion 
analysis. 
 
(2) DIF-3D/REBUS-3: nodal diffusion calculation and fuel cycle analysis 
The DIF-3D code was originally developed as a finite difference diffusion theory method for all 
geometries [15]. The nodal method was added to the DIF-3D code to improve the performance of 
reactor geometries. The REBUS-3 is a system of programs designed for the analysis of fast reactor fuel 
cycles [16]. The fissile Pu content was found to be higher due to the underestimation of the 
multiplication factor resulting from the leakage overestimation with diffusion. Moreover, an inaccurate 
flux solution can make further error propagation in depletion calculations in terms of the material 
compositions and the reactivity coefficient calculations. Although the nodal diffusion method causes 
errors during depletion calculations, only the DIF-3D/REBUS-3 code system was used for the analysis 
of various fast reactor cores in order to keep consistency. Therefore, errors from different methodologies 
did not affect the flow of core analysis or design procedures in this study. 
 
(3) PERSENT: perturbation and sensitivity analysis 
Perturbation theory methods have been developed for a wide range of applications in reactor analysis, 
which are used for reactivity and sensitivity coefficient calculations. The change of reactivity by 
introducing perturbations in the system can be expressed by a conventional perturbation equation that 
requires a combination of the unperturbed forward and adjoint and perturbed forward flux. The solution 
to the perturbation equation provides the contribution of a given perturbation to the reactivity change. 
The PERSENT code provides the unique method to compute the reactivity worth, kinetic parameter, 
and cross-section sensitivity [17]. 
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Figure 2. 1. Flow of the fast reactor analysis. 
 
In this study, both McCARD and MC2-3/TWODANT/REBUS-3 are used in designing and analyzing a 
reactor core. In order to ensure that it is compatible to use both McCARD and MC2-
3/TWODANT/REBUS-3 for a same core model, the multiplication factor behavior was compared 
according to the burnup and the result presented in Figure 2.2. Five depletion types in a same core 
geometry but different fuel loading and breeding mechanism were tested by the two codes, which will 
be analyzed in chapter 5. The maximum difference of the keff calculation result between McCARD and 
MC2-3/TWODANT/REBUS-3 is 440 pcm in Type3 and the other differences are less than 300 pcm. 
The trend also shows that the difference is lower as it is closer to critical. 
 
 
Fast Reactor Analysis Flow 
MC2-3 
Zone-wise 1041 group XS 
generation from ENDF file 
TWODANT 
Fine-group flux calculation 
Simplified R-Z geometry 
MC2-3 
Condense the XS into 33 
group using the fine group 
fluxes 
PERSENT 
Transport perturbation and sensitivities calculation 
-Effective delayed neutron fraction (βeff) 
-Sodium void worth 
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-Fuel/Structure/Coolant density coefficient 
-Sodium thermal expansion coefficient 
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Whole core neutronics 
and depletion 
-Enrichment search 
-Fuel shuffling 
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Nodal diffusion calculation 
using multi-group XS from 
previous step 
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Figure 2. 2. Comparison of the keff from McCARD and REBUS according to the core type. 
 
2.2 Transient Analysis 
 
2.2.1 Anticipated Transient without Scram (ATWS) Analysis 
 
ATWS events are assessed to perform the safety evaluation of the newly developed core. Table 2.1 
through Table 2.3 present some possible example scenarios of the systems, subsystems, and components 
when they are involved in the transient that occurs in unprotected transient over power (UTOP), 
unprotected loss of flow (ULOF), unprotected loss of heat sink (ULOHS). In this study, one of the 
failures in the reactor shut down system, component, or system failure is adopted as a transient code 
input and applied to the quasi-static reactivity balance equation.  
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Table 2. 1. Cause and effect of UTOP [18]. 
 
Reactor shutdown 
system failure resulting 
from 
Component or system failure Relevant factors in transient response 
- Uncontrolled 
withdrawal of a single 
control rod 
- Overcooling from 
pump speed increase 
 
- Reactor shutdown systems 
- Control rod drive system 
- Fuel and assemblies 
- Primary pumps 
- BOP heat rejection system 
Thermal-hydraulics 
- Heat removal path/capacity 
 
Reactivity effects 
- Reactivity feedback at high power 
- Fuel motion in intact fuel pins 
- Coolant heating and margin to boiling 
- Core reactivity feedback 
- Core thermal and structural effects 
 
Material behavior 
- Fuel cladding structural integrity at 
elevated temperatures 
- Cooling systems structural integrity at 
elevated temperatures 
- Containment structure integrity 
 
Table 2. 2. Cause and effect of ULOF [18]. 
 
Reactor shutdown 
system failure resulting 
from 
Component or system failure Relevant factors in transient response 
- Electrical faults 
- Mechanical faults 
- Loss of site power 
- Loss of piping 
integrity 
- Internal flow blockage 
- Primary pump power 
supplies 
- Pump mechanicals 
- Off-site power 
- Primary piping system 
- Core and assembly coolant 
flow channels 
- Core structure 
- Fuel and assemblies 
- Primary coolant system 
- Inherent and passive safety 
systems 
- Flow coast down extenders 
Thermal-hydraulics 
- Thermal inertia 
- Pump-coast down profiles 
- Sodium stratification 
- Margin to boiling at peak temperature 
- Core thermal and structural effects 
- Heat removal path and capacity 
 
Reactivity effects 
- Core reactivity feedback 
- Fuel motion in intact fuel pins 
- Core restraint system performance 
- Reactor shutdown mechanism 
 
Material behavior 
- Long-term performance of structures 
at elevated temperatures 
- Fuel cladding integrity at elevated 
temperatures 
- Containment structure integrity 
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Table 2. 3. Cause and effect of ULOHS [18]. 
 
Reactor shutdown 
system failure resulting 
from 
Component or system failure Relevant factors in transient response 
- Steam generator 
failure 
- Intermediate heat 
transport failure 
- Supercritical CO2 
system failure 
- Decay heat removal 
system failure 
 
- Secondary sodium pumps 
- Secondary system piping 
and IHX 
- Steam generators 
- Decay heat removal 
systems 
- Sodium-CO2 heat 
exchanger 
Thermal-hydraulics 
- Thermal inertia 
- Core thermal/structural effects 
 
Reactivity effects 
- Core reactivity feedback 
- Fuel motion in intact fuel pins 
- Core restraint system performance 
- Reactor shutdown mechanism 
 
Material behavior 
- Long-term performance of structures 
at elevated temperatures 
- Fuel cladding integrity at elevated 
temperatures 
- Containment structure integrity 
 
2.2.2 Quasi-static Reactivity Balance 
 
ATWS can be analyzed in the core physics point of view by the quasi-static balance analysis with its 
reactivity parameters so that the feasibility of the inherent shutdown can be judged by the balance 
analysis. During ATWS, liquid metal cooled fast reactor (LMR) can be influenced by some parameters 
in the external events and the major parameters are coolant inlet temperature, coolant flow rate, external 
reactivity change owing to control rod motion, and external reactivity change owing to geometry change 
seismically. The reactivity balance calculation is performed with these reactivity parameters in certain 
quasi-static state that would be varied according to the three ATWS events; ULOF, UTOP, ULOHS and 
Over cooling. The quasi-static reactivity balance is based on the following equations 
 
0        power flow temp external                  (Eq. 2. 1) 
 0 1 1  
 
        
 
in ext
P
P A B T C
F
              (Eq. 2. 2) 
1 
 
    
 
out in C
P
T T T
F
                       (Eq. 2. 3) 
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where 
P : power normalized to full power, 
F : Coolant flow normalized to full flow, 
inT : Change from coolant inlet temperature, 
ext : Reactivity change by externally imposed changes in control rod position, 
cT : Coolant temperature change, 
A : Net power reactivity decrement from hot zero power to hot full power, 
B : Power/flow coefficient of reactivity from inlet temperature to outlet temperature, 
C : Inlet temperature coefficient of reactivity. 
 
A , B , and C  are integral reactivity parameters derived from physical phenomena of temperature 
and structural changes, and can be measured in operating plant through perturbations. A  is calculated 
that Doppler plus fuel axial expansion coefficients of reactivity multiplied by the incremental 
temperature rise of fuel relative to coolant. B  has some additional terms due to sodium density, above 
core load pad thermal dilation (i.e. core radial expansion), and control rod driveline expansion and 
multiplied by the average coolant temperature increment relative to the inlet coolant temperature. C  
is calculated by Doppler, fuel axial expansion, sodium density, and grid plate thermal dilation (core 
radial expansion). The coefficients can be presented as following equations. 
 
 D e fA T                              (Eq. 2. 4) 
 2 2
2
D e Na RD R cT
B
        
                  (Eq. 2. 5) 
D e Na RC                                 (Eq. 2. 6) 
 
where 
D : Doppler coefficient, 
e : Fuel axial expansion reactivity coefficient, 
Na : Sodium density reactivity coefficient, 
RD : Control rod driveline thermal expansion reactivity coefficient, 
R : Core radial expansion reactivity coefficient, 
fT : Incremental temperature increase in the fuel, 
cT : Full power, steady-state coolant temperature increase. 
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The cause and effect of each ATWS event, summarized in Table 2.4, are expressed by the equation 
2.1~2.3 with the parameters of equation 2.4~2.6 and the result is presented in Table 2.5 which shows 
the quasi-static balance criteria of each ATWS. A, B, and C are required to be always negative, which 
implies a negative prompt coefficient. In ULOF, A/B must be small to control the asymptotic 
temperature rise inherently. 
cC T B  should be in the range of between 1 and 2 to be a proper balance 
between the ULOHS and chilled inlet temperature inherent responses. In UTOP, TOP B  must be 
small as possible to inherently control the TOP. In addition, pump coastdown time τ should be suitably 
adjusted relative to delayed neutron decay time so as to minimize outlet temperature overshoot relative 
to the asymptote in an ULOF [19]. 
 
Table 2. 4. Cause and effect of ATWS 
 
 Condition Cause Effect 
ULOF 
Electrical 
power loss to 
primary pump 
-Flow reduction 
-Coolant inlet temperature remain 
fixed 
-Power/flow ratio increase 
-Negative reactivity 
-Power decrease 
ULOF 
short 
term 
Pump coast 
down 
-Pump coast down is quicker than 
power reduction 
-Delayed neutron hold back time 
-Temporarily invalidating balance 
equation 
-Pump coast down time, 𝜏 
-Delayed neutron time constant, 1/𝜆 
-𝜏 < 1/𝜆 
-Outlet temperature overshoot 
ULOHS 
Heat rejection 
lost 
-Feedwater pump failure 
-Dump of secondary sodium to 
sodium water reaction tank 
-Inlet temperature increase 
-Negative reactivity (P→0) 
-Flow remains constant 
-Power/flow ratio decrease 
-𝑇𝑜𝑢𝑡 → 𝑇𝑖𝑛 
Inverse 
ULOHS 
Overcooled 
inlet 
temperature 
-Steamline rupture overcools 
secondary sodium 
-Constant pump flow 
-Inlet temperature decrease 
UTOP 
Control rod 
runs 
accidentally 
-Single control rod runs out 
-Coolant flow and inlet temperature 
remain fixed 
-Positive reactivity 
-Power/flow ratio increase 
-𝑇𝑜𝑢𝑡 increase 
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Table 2. 5. Resultant equation and its criterion of ATWS 
 
 Resultant formula Criterion 
- - A , B , C  < 0 
ULOF out c
A
T T
B
    1A B   
ULOF 
short 
term 
-  
2
1 1$A B B   
ULOHS 
/ 1
1
/
out c
c
A B
T T
C T B

 
   
 
 1 cC T B   
Inverse 
ULOHS 
 1
1
c
out in
C T B
T T
A B
 
 
   
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 2cC T B   
UTOP 
/
1 /
TOP
out c
B
T T
A B



 

 1TOP B   
 
2.2.3 SAS4A/SASSYS-1 
 
The SAS4A/SASSYS-1 code were developed in Argonne National Laboratory for thermal-hydraulic 
and neutronic analysis of power and flow transient for LMR. SAS4A was developed to analyze severe 
accidents transient or core disruption with coolant boiling and fuel melting. It contains mechanic models 
of transient thermal, hydraulic, neutronic, and mechanical phenomena to describe the response of the 
reactor core with its coolant, fuel, and structure to given transient conditions. SASSYS-1 was developed 
to address loss of decay heat removal accidents and it has evolved to assess design basis accident (DBA) 
analysis and beyond design basis accident (BDBA) analysis. It contains not only the same core models 
as SAS4A for fuel heat transfer and single- and two-phase coolant thermal-hydraulics, but also the 
sodium and steam circuit models to provide a detailed thermal-hydraulic simulation of the primary and 
secondary sodium coolant and the balance of plant (BOP) steam/water circuit. It has also capability of 
a plant protection and control system modeling [20]. For this thesis research, mini version of 
SAS4A/SASSYS-1 (mini-SAS) was used to evaluate the safety characteristics of the newly developed 
reactor core. Mini-SAS is a limited version of SAS4A/SASSYS-1 that it has only 5 channels and it does 
not have the capability for severe accident analysis. 
 
2.3 Spent Fuel Utilization 
 
Pressurized Water Reactor (PWR) Spent Fuel (SF) was tested for the blanket material in the core instead 
of NU. A simplified dry processing was assumed for the preparation of the SF with its favorable 
characteristics especially for fast reactor fuels [21]. After removing of the cladding, to transform the 
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oxide SF into metallic fuel, an electrolytic reduction reaction process is firstly performed for the 
metallization, and subsequently melting process and injection molding process are performed with the 
addition of zirconium. This is all the process to transform the SF and it is very similar to the Direct Use 
of PWR SF in CANDU (DUPIC) process. Also, this ‘DUPIC-like’ process has the nonproliferation 
level of DUPIC process. 
The composition of the PWR SF is presented in Table 2.6. It was calculated with the ORIGEN2 code 
[22] with several assumptions: (a) the discharge burnup is 50 GWD/MTU, (b) 10 year cooling time, (c) 
the fission gases and fission products with an evaporation point of lower than 1000 ºC are removed, (d) 
no other process to change the actinide composition was performed. 238U is the main nuclide with a 
weight percent of 93 %, while 239Pu and 241Pu are 0.64 % and 0.11 % respectively. Because of the 
different fuel composition between NU and SF, the fuel form of SF-7Zr was decided in the neutronics 
point of view to supplement the reduced reactivity in the previous SF loading trial of UCFR-1000 [23] 
and it was analyzed in comparison to the NU loaded UCFR [24]. 
 
Table 2. 6. PWR spent fuel composition. 
 
Element or 
Isotope 
wt.% 
Element or 
Isotope 
wt.% 
Element or 
Isotope 
wt.% 
Ge 5.74E-05 Ce 3.65E-01 Pu-238 3.36E-02 
Rb 5.39E-02 Pr 1.71E-01 Pu-239 6.37E-01 
Sr 1.15E-01 Nd 6.22E-01 Pu-240 2.84E-01 
Zr 5.58E-01 Pm 1.57E-03 Pu-241 1.14E-01 
Nb 6.84E-07 Sm 1.27E-01 Pu-242 8.49E-02 
Mo 5.15E-01 Eu 2.07E-02 Pu-244 3.36E-06 
Tc 1.17E-01 Gd 2.20E-02 Am-241 7.63E-02 
Ru 3.49E-01 Tb 3.71E-04 Am-242m 1.35E-04 
Rh 6.70E-02 Dy 1.88E-04 Am-243 2.41E-02 
Pd 2.22E-01 Ho 1.23E-05 Cm-242 3.52E-07 
Ag 1.15E-02 Er 4.63E-06 Cm-243 5.99E-05 
In 1.98E-04 U-234 2.28E-02 Cm-244 6.50E-03 
Sn 7.60E-03 U-235 9.07E-01 Cm-245 4.80E-04 
Sb 1.32E-03 U-236 6.31E-01 Cm-246 5.03E-05 
Ba 2.81E-01 U-238 9.33E+01   
La 1.87E-01 Np-237 7.88E-02   
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III. CORE DESIGN STRATEGY 
 
 
3.1 Fast Reactor Design 
 
Although the fast reactor development is focused on the papers and technical reports today, there had 
been many fast reactors built and operated since the middle of the 20th century as shown in Figure 3.1. 
The past operation experience of the fast reactors provides valuable data for the today’s development 
base of the advanced fast reactor concept.  
 
 
 
Figure 3. 1. International fast reactor development through the demonstration plant phase [18]. 
 
For the many SFR concepts, various strategies have been developed for the construction of a long cycle 
reactor. Breed-and-burn concept is the representative strategy for the long cycle operation especially 
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for fast reactor. Constant Axial shape of Neutron flux, nuclide densities and power shape During Life 
of Energy production (CANDLE), proposed by Hiroshi Sekimoto, is the long life reactor concept that 
adopts a breed-and-burn strategy in the axial direction so the core life can be extended by increasing 
the axial length. In addition, CANDLE operates such a long cycle for itself without any reactivity 
control by an operator [25]. Terra Power Corporation is a nuclear reactor design company and one of 
the primary investors is Bill Gates. This company has developed Traveling Wave Reactor (TWR) which 
is also a breeding reactor with a long life core but the breeding direction is radial and travels from the 
inside out. They have developed a 600 MWe prototype reactor intended to start up around 2022, which 
is the foundation for full commercialization by the late 2020s [26]. A once-for-life, uniform composition, 
blanket-free and fuel-shuffling-free reference core was designed for the Encapsulated Nuclear Heat 
Source (ENHS) by Korea Atomic Energy Research Institute (KAERI) and the University of California. 
Its design goal is a nearly zero burnup reactivity swing throughout ~20 years of full-power operation 
up to the peak discharge burnup of more than 100 GWd/MTU. Its nitride fuel core, relative to the 
reference metallic fuel core, offers up to ~25% higher discharge burnup and longer life, up to ~38% 
more energy per core, a significantly more negative Doppler reactivity coefficient, and less positive 
coolant expansion and coolant void reactivity coefficient but a somewhat smaller negative fuel 
expansion reactivity coefficient [27]. A compact sodium-cooled breed-and-burn reactor (B&BR) with 
CANDLE configuration with a power rating of 250 MWth has been proposed to find the acceptable 
compact sodium-cooled TWR traveling in the axial direction. It has a very high fuel volume fraction of 
over 60 % and the design has been developed continuously from the neutronics point of view [28]. 
Some core design options were proposed to operate ultra-long cycle with improved safety by loading a 
fuel in an axially blanket-driver-blanket configuration and this burning strategy shows a reduction of 
sodium void worth with a reduced burnup reactivity [29, 30]. The Ultra-long Cycle Fast Reactor (UCFR) 
was developed for the purpose of 60-year operation and it has a power rating of 2600 MW (thermal). 
UCFR utilizes the breed-and-burn strategy by using LEU as an igniter and natural uranium (NU) as a 
blanket material. The feasibility of the core has only been reported from the neutronics point of view, 
therefore, optimization of UCFR was expected to perform thermal-hydraulic (TH) feedback analysis 
and mitigate the power peaking issue. Also, further study on using SF for the blanket material was 
expected, which contributes to waste management issues in Korea by providing interim storage [31]. 
 
3.1.1 Major fast reactor physics 
 
There are a wide of physics phenomena in a nuclear reactor core and some of them have critical impact 
on the operation feasibility. For the fast reactor design with an advanced safety characteristics, it 
requires an understanding of the fast reactor’s own physics first that is very different from that of light 
water reactor even both have common principles as a nuclear reactor. This section reviews the major 
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fast reactor physics and the safety characteristics to have a design strategy and estimate the range of 
design requirement parameters. 
 
(1) Energy spectrum and major fuel chains  
Fast reactor is operated in a high energy neutron spectrum and it is the representative identity that 
distinguish fast reactor from other reactors as shown in Figure 3.2. The high energy spectrum brings 
many characteristics with some interesting physics parameters and sometimes it limits. The fission cross 
section decreases as the incident neutron energy increases, which means it needs some other physical 
parameters to make up the reduced chain reaction capability. 238U-239Pu chain provides the major fast 
reactor fuel due to its great reproduction factor and even it gets higher in the higher energy spectrum. It 
is possible to operate fast reactor with natural uranium fuel by breeding while the uranium enrichment 
is necessary for thermal reactor. 232Th-233U is another fuel candidate for fast reactor with the abundant 
reserves of thorium. However, it cannot maintain the criticality by itself because of the low reproduction 
factor so a lot of research has been being performed to utilize the thorium fuel. 
 
 
 
Figure 3. 2. Neutron energy spectrum according to the fuel and reactor type [32]. 
 
(2) Conversion ratio and capture to fission 
Conversion ratio is one of the most important parameters for a nuclear reactor core that shows the core 
burnup tendency Conversion ratio is defined as the number of fissile produced per the number of fissile 
destroyed and it is called breeding ratio when the conversion ratio is larger than unity. Breeding ratio 
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can be also expressed as 
 
    1B R L                              (Eq. 3. 1) 
 
where 
 : the number of neutron produced per neutron absorbed, 
L : loss by absorption or leakage. 
 
The reproduction factor, ?̅?, is expressed again as  
 
1
1
   

 

  


f f f f
ca
f
                       (Eq. 3. 2) 
 
where 
f : The number of neutrons per fission, 
f : Fission cross section, 
a : Absorption cross section, 
 : Capture to fission ratio. 
 
The capture to fission ratio here is the key parameter that decides the breeding performance of a core. 
That is, a fuel isotope of lower   has higher  , and the core with this fuel has greater capability to 
breed. Figure 3.3 presents   of major fuel isotopes. As this figure shows, it is favorable for fast reactor 
to have harder (higher) energy spectrum with a higher   and also a fertile isotope fission which occurs 
only in high energy spectrum. 
 
(3) Fertile fission bonus 
As shown in Figure 3.3,   increases rapidly as the neutron energy increases, and even fertile isotopes, 
232Th and 238U, have   value above some threshold energy. This is due to the threshold energy in the 
fission cross section as shown in Figure 3.4. Therefore, harder spectrum brings higher fertile fission 
bonus and consequently the higher breeding ratio. Fertile fission bonus contributes up to 25 % of the 
power produced in a fast reactor compared to 2 % for a thermal reactor [33].  
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Figure 3. 3. Neutron yield per neutron absorbed for major fuel isotopes. 
 
 
 
Figure 3. 4. Fission cross section of major fertile isotopes in fast reactor [34]. 
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(4) Tight assembly arrangement  
The incident neutron energy spectrum is determined according to the core design parameters, and the 
fuel arrangement is one of the most significant factors. The high energy spectrum requires dense fuel 
atoms, which is achieved by loading a high density fuel or a high fuel volume fraction. A triangular 
lattice is the densest arrangement so it is widely used to maximize the fuel volume fraction for fast 
reactor core. It has no problem for LMR to have such dense fuel arrangement since liquid metal coolant 
has great heat conductivity which is the main reason for great power density in fast reactors. 
 
(5) Kinetics parameters 
The reactivity less than 1 dollar means that it is possible to control the reactor kinetics by delayed 
neutrons. In fast reactor, however, the behavior became different significantly from that of a thermal 
reactor when the reactivity exceeds β because of the smaller prompt neutron lifetime in the fast reactors 
(~4×10-7s) relative to that of the LWR (~4×10-5s). Besides, βeff for 239Pu is 0.00215 and 0.00680 for 235U 
that the reactivity corresponding to one dollar is lower for a fast reactor relative to a thermal reactor. 
 
3.1.2 Safety characteristics 
 
(1) Double control rod system 
The high energy spectrum in fast reactor has much less absorption cross section for every fuel material 
and it brings longer neutron mean free path and consequently more neutron leakage. The long mean 
free path core is less affected by local heterogeneity effect while local reactivity effect has more impact 
on the entire core. This fact makes it possible that the control rods don’t have to be located in every 
assembly like LWR but in some assigned assembly position so that it is enough to control the whole 
core reactivity. Many fast reactors adopt double control rod system that one is for excess reactivity 
control and the other one is for shut down. The primary system must be able to shut down the reactor 
from any operating condition to the refueling temperature and the secondary system must be able to 
shut down the reactor from any operating condition to the hot standby condition. There is no effective 
burnable absorber in fast spectrum but the double control rod system is enough since the reactivity 
swing is small in fast reactor   
 
(2) Metal fuel 
The metallic fuel is the key design option for the fast reactor due to the higher breeding ratio achievable 
than any other fuel form as shown in Figure 3.5. This figure shows the breeding ratio increases as the 
fuel volume fraction increases and the breeding ratio is different for a same volume fraction according 
to the fuel form.   
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Figure 3. 5. Comparison of breeding ratio potentials of oxide, carbide, and metal fuels [35]. 
 
The metal fuel is favorable for not only the neutronics point but also the safety concern. The use of 
metal fuel with the metal coolant leads great heat conduction that the operating fuel temperature is much 
lower than oxide fuel. As presented in Figure 3.6, the lower operating fuel temperature has smaller 
Doppler reactivity stored that brings the lower asymptotic temperature after loss of flow accident. 
Furthermore, the inherent safety from this was proven in real by an unprotected accident scenario by 
the EBR-II experiment [35]. 
 
(3) Coolant void reactivity & Expansion reactivity 
Coolant void reactivity is the most important safety parameter especially for SFR, and the way how to 
reduce it is the key issue in the SFR design. In SFR, sodium void is followed by spectral hardening, 
increased leakage, elimination of sodium capture, and change in self-shielding. The first two effects are 
dominant and each has opposite sign thus a sodium void worth of a SFR core is the competition result 
of the spectral hardening and increased leakage. As shown in Figure 3.7, spectral hardening is dominant 
at the core center while the increased leakage is dominant at the core periphery so the sodium void 
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worth can be adjusted by the core deign geometry but most of the SFR design has positive sodium void 
worth. Expansion reactivity performs a role of the counter to the sodium void worth or the sodium 
density worth. As the core temperature increases, the fuel rod extends in axial direction and the whole 
core structure expands in radial direction at the same time. The geometry expansion leads a negative 
reactivity from the density reduction of each material and consequently a leakage increase while a 
positive reactivity from the leakage decrease by the dimension expansion itself. The combined 
expansion reactivity is negative for usual fast reactor design. 
 
 
 
Figure 3. 6. Asymptotic temperature reached during ULOF: comparison of oxide and metal cores [36]. 
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Figure 3. 7. Components of sodium void coefficient for a small cermet-fueled SFR [37]. 
 
3.2 Small Modular Reactor Design 
 
The essential design constraint of SMR is the small size enough to have a transportability and a 
modularity. It is usually 3 m that the transportation is feasible by a train or a shipment so the core barrel 
diameter or the vessel diameter is determined less than 3 m. For the modularity of the whole reactor 
system, the secondary system components need to be positioned above the primary system like system-
integrated modular advanced reactor (SMART) [38]. There are already many SMR concepts of  light 
water reactors (SMART, mPower, NuScale, WWER-300, IMR, CAREM, IRIS, Westinghouse SMR, 
etc.), heavy water reactors, gas cooled reactors (PBMR, EM2, etc.), and liquid metal cooled reactors 
(4S, PRISM, CEFR, PFBR-500, SVBR-100, BREST-OD-300, G4M) [6]. The anticipated challenges of 
SMR development are the economy of scale, licensing, new infrastructure, market creation, and so on.  
In addition to this, an ultra-long cycle operation is required for the newly developed reactor core which 
brings an economic effect that saves a billion KWR per day for refueling for the example of PWR. The 
target cycle length is 30-year operation without refueling and it will be achieved by the breed-and-burn 
strategy.  
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IV. FEASIBILITY OF LONG-CYCLE OPERATION SM-SFR 
 
 
4.1 Assessment of Long-cycle Fast Reactor Core Concepts 
 
Several reactor design concepts, such as CANDLE, TWR, UCFR-1000 have been proposed to achieve 
a long life fuel cycle. These reactor concepts adopted so called breed-and-burn depletion mode, which 
ignites the reactor operation in a fissile-dominant zone and propagates the depletion to the fertile zone. 
The CANDLE design is one of the thoroughly studied ultra-long life fast reactors that make its core life 
controllable just by adding fuel materials along the axial direction. Its active core moves along the axial 
direction as the core burns, and eventually the core reaches an equilibrium state. Depleted uranium, 
natural uranium, or SF can be used as a blanket, and liquid sodium and lead-bismuth eutectic (LBE) 
have been suggested as coolant materials. TerraPower Inc. has proposed ultra-long life core concepts 
similar to the CANDLE design by adopting the TWR core concept. Recently, a modification has been 
introduced to TWR that allows fuel shuffling rather than the movement of the depletion zone along the 
active core. TP-1 is the first model of TWR that utilizes fuel shuffling every 18 to 24 months to achieve 
the long cycle length. The primary core design parameters of long-life breed-and-burn core concepts 
are compared in Table 4.1. UCFR-1000, ULFR-3000, and CANDLE are the large reactors for 
commercial utilization while UCFR-100 [39] and AFR-100 [40] are the small size reactors for local 
grid utilization. These long cycle cores in Table 4.1 use same fuel type. They use metallic fuel with 
regard to its safety, and smear density has been considered to prepare the fuel swelling. Besides, the 
fuel volume fraction is relatively high to increase the fuel utilization in a fast reactor. UCFR and ULFR 
have breeding ratios of more than unity while AFR-100 has 0.8 because all fuels of AFR-100 are 
enriched at the initial state. The breeding ratio in this paper is the amount of produced fissile to that of 
consumed fissile. Peak fast neutron fluence should be considered in a fast reactor design with the 
irradiation limit of HT-9 which has been used as a general structural material. Among the reactor 
concepts provided in Table 4.1, the core performance characteristics of two reactor concepts were 
evaluated separately in the following sections: CANDLE and UCFR. 
 
4.1.1 CANDLE 
 
The CANDLE reactor shows the basic breed-and-burn concept that utilizes conversion of 238U into 239Pu 
in the direction of the wave propagation as shown in Figure 4.1. The burning wave moves from the top 
to the bottom of the fuel and the fresh fuel material of a blanket is typically depleted uranium. Figure 
4.2 shows the nuclide conversion trend and it is noticeable that uranium isotopes are consumed while 
plutonium isotopes, americium isotopes, and fission products are produced as the active core passes. 
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This process happens continuously along the fuel in the axial direction with the propagating active core 
which can be identified by the movement of the neutron flux peak. 
 
Table 4. 1. Long life breed-and-burn fast reactors. 
 
Parameter 
UCFR-
1000 
UCFR-
100 
ULFR-
3000 
AFR-
100 
CANDLE TP-1 
Power, thermal/electrical 
[MW] 
2600/ 
1000 
260/ 100 3000 
250/ 
100 
3000 
1200/ 
500 
Refueling interval [year] 60 60 44 30 200 40 
Fuel form 
U-10Zr/ 
SF-7Zr 
U-5Zr/ 
SF-5Zr 
U-Pu-
Mo 
U-10Zr U-10Zr U-Zr 
Fuel smeared density [% TD] 74.5 74.5 75 75 75 62 
Active core height [cm] 240 100 175 110 800 - 
Equivalent core diameter [cm] 590 430 600 300 400 - 
Initial fuel volume fraction [%] 43.7 43.7 39.7 43.9 50 - 
Initial heavy metal loading [t] 238 53 297 23.9 - - 
Specific power density [MW/t] 10.9 4.9 10.1 10.5 - - 
Volumetric power density 
[W/cc] 
61 32 59 64.3 - - 
Avg. Linear power [kW/m] 159 82 24.4 15.2 - - 
Peak fast neutron flux fluence 
[x1023 neutrons/cm2] 
22 11 19.4 5.97 - - 
Avg. Burn-up, driver/blanket 
[GWd/MTU] 
239 108 
303/16
4 
101 381 - 
Overall Breeding ratio 1.1 1 1.081 0.8 -  
 
  
Figure 4. 1. Core averaged fissile nuclide number density and neutron flux distribution in axial 
distribution [41]. 
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Figure 4. 2. Flux and number density variation in small long life CANDLE reactor [42]. 
 
In this section, the CANDLE reactor has been analyzed to evaluate the feasible core life while adopting 
a breed-and-burn strategy. Figure 4.3 shows the simplified conceptual schematic of the geometry of an 
8 m tall CANDLE reactor concept. The CANDLE reactor concept has an enriched uranium region 
which plays the role of an igniter and a blanket region along the axial direction as a breeder that utilizes 
natural uranium or depleted uranium. The height of the enriched uranium region is total 1.2 m and it is 
designed to have different level of low enriched uranium (LEU) regions axially to induce the axial 
propagation of the burn-zone. The core has a diameter of 4 m and is surrounded by a 50 cm thick radial 
reflector made of depleted uranium. All the fuel is an oxide fuel of UO2 form. 
Figure 4.4 shows the result of the core depletion calculation by McCARD code for the geometry of 
Figure 4.3 with a power rating of 3000 MWth. It is noticed that there is a saturation region in the graph 
for the multiplication factors, which means that steady breeding is proceeding along the axial direction. 
The fluctuation of this graph is due to the nature of the Monte Carlo method. Figure 4.4 also presents 
the movement of the maximum power position whose trend line tells that the propagation speed is 3.4 
cm per year. 
 
28 
 
 
 
Figure 4. 3. Conceptual drawing of CANDLE reactor. 
 
 
 
Figure 4. 4. Evolution of keff in CANDLE core. 
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The propagation behavior of the CANDLE core can be also confirmed through the evolution of the 
axial power profile as shown in Figure 4.5. At the beginning of cycle (BOC), the core burns in the 
enriched uranium region at the core bottom where it shows relatively high power. After 20 years, the 
active core arrives at the depleted uranium region where the power profile and the speed of movement 
are steady. 
 
 
 
Figure 4. 5. Propagation of axial power profile in CANDLE. 
 
In order to analyze the feasibility of utilizing a thorium fuel in a once-through fuel cycle option, the 
thorium loaded CANDLE concept has been assessed by replacing the uranium in the blanket fuel with 
thorium. The core geometry is shown in Figure 4.6, which is the same as the 8 m tall CANDLE core 
except the overall core height which has been reduced to 3 m targeting 60-year operation. The coolant 
material is sodium and the cladding material is HT-9. The smear density is given as 75 % theoretical 
density (TD). All materials are homogenized in this calculation. Four blanket fuels have been tested and 
compared with different thorium mass fractions: U-10Zr, U-5Th-10Zr, U-15Th-10Zr, and U-30Th-10Zr. 
The results are summarized in Table 4.2. The evolutions of core eigenvalues calculated by deterministic 
method code system TRANSX/TWODANT/REBUS, are plotted in Figure 4.7. This figure indicates 
that the cycle length decreases as the amount of thorium in the blanket increases because both heavy 
metal loading and available extra neutrons for fissile breeding are reduced after uranium is replaced by 
thorium. It is noted that thorium’s density is lower than uranium, and 233U produces fewer neutrons per 
fission in the fast neutron energy range compared to 239Pu. In addition, the fertile fission bonus of 
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thorium fuel is smaller compared to uranium fuel. The void worth is decreased with the increment of 
the thorium fraction. This means that thorium fuel is good in terms of safety even though it has low 
neutron economy. 
 
 
 
Figure 4. 6. Conceptual drawing of CANDLE reactor with thorium (3 m) [43]. 
 
Table 4. 2. Primary core performance parameters of 3 m CANDLE with and without thorium. 
 
Parameters U-10Zr U-5Th-10Zr U-15Th-10Zr U-30Th-10Zr 
Cycle length [year] 54 49 21 17 
Initial fuel loading [ton] 316 308 298 284 
η (BOC/EOC) 1.999/2.503 1.999/2.490 2.000/2.467 2.000/2.435 
Void worth [pcm] (BOC/MOC) 405/5443 401/5450 396/5351 388/5197 
* BOC: Beginning of cycle, MOC: Middle of cycle, EOC: End of cycle 
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Figure 4. 7. Evolution of keff of CANDLE reactor with thorium [43]. 
 
4.1.2 4S 
 
A conceptual design of the 4S (Super-Safe, Small and Simple) reactor was proposed by Toshiba and 
CRIEPI in Japan to meet the following design requirements: (1) All temperature feedback reactivity 
coefficients including the whole core sodium void reactivity are negative; (2) the core integrity is 
secured against all anticipated transients without reactor scram; (3) neither emergency power nor an 
active mitigating system is required; (4) the core lifetime is more than 10 years. The fuel assembly pitch 
is 20.6 cm and the height is 2.5 m, as shown in Figure 4.8. 
The 4S reactor core has been reproduced by the TRANSX/TWODANT/REBUS code. The radial cross 
section of 4S is as shown in Figure 4.9 and the axial cross section is as shown in Figure 4.10. The fuel 
material is U-10Zr and the coolant material is sodium. There is only one assembly of hafnium fixed 
absorber and there are movable reflector cans with graphite. 
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Figure 4. 8. Cross section of core and reflector [44]. 
 
 
 
Figure 4. 9. Radial cross section geometry of 4S in REBUS. 
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Figure 4. 10. Axial cross section geometry of 4S in REBUS. 
 
The 4S reactor operation is maintained by the moving reflector. The moving graphite reflector moves 
the active core. The bold line in Figure 4.11 is the effective neutron multiplication factor of the bare 
core without either reflector or absorber rod. The reflector moves up gradually through the cycle 1, and 
the hafnium fixed absorber is pulled out and the reflector is moved down at the end of cycle 1. For the 
cycle 2, the reflector is gradually moved upward until the operation is done [44, 45]. Figure 4.12 shows 
the reflector position according to the operation time and the cycle. The power profile with active core 
movement is presented in Figure 4.13. For the reactor shutdown, the hydraulic pressure is released to 
move the reflectors downward by opening scram valves. The mechanical part of the reactor shutdown 
system has redundancy so the platform is divided and the scram valves are set in parallel. 4S achieves 
active core movement by adopting a movable reflector instead of the breed-and-burn strategy. The 
reason why the 4S reactor uses a movable reflector, fixed absorber, and high enrichment is to have a 
long cycle in such a small sized reactor. It is difficult to adopt the breed-and-burn strategy in a small 
reactor because there is large neutron leakage compared with a large reactor. 
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Figure 4. 11. 4S core movement and k-effective [44]. 
 
 
 
Figure 4. 12. 4S core movement and the reflector position [45]. 
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Figure 4. 13. Axial power distributions as a function of reflector position [46]. 
 
Since the geometric and material information of the hafnium fixed absorber is not presented in the Ref. 
[46], it has been simulated without it. Thus, the keff of the result is somewhat high, as presented in Table 
4.3. 
 
Table 4. 3. K-eff calculation results of core. 
 
Code W/ absorber W/o absorber 
TWODANT 1.02927 1.08368 
REBUS 0.96971 1.02129 
 
4.1.3 SMFR 
 
The Small Modular Fast Reactor (SMFR) was designed by Argonne National Laboratory (ANL), 
Commissariat a l’Energie Atomique (CEA) of France, and Japan Nuclear Cycle Development Institute 
(JNC). The SMFR is aimed at exploiting characteristics inherent to fast reactors for application to a 
small grid (Table 4.4). The characteristics of the SMFR are as follows: 
1. Because of the non-corrosive characteristic of sodium coolant, the reactor core and primary system 
components need not degrade even over a very long residence in the reactor. In fact, the entire in-reactor 
system can be designed to minimize the maintenance requirements so that the reactor system can be 
sealed in a “cartridge”. 
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2. The excellent neutron economy available from metallic fuel can be exploited to design a core with 
an internal conversion ratio of greater than unity so that refueling for reactivity reasons is not required 
for an entire cartridge lifetime of 30 years [47]. 
 
Table 4. 4. SMFR plant design parameters. 
 
Parameter Value 
Reactor power 125 MWth / < 50 MWe 
Core fuel U-TRU-Zr 
Core life 30 years without refueling 
Plant life 60 years 
Reactor vessel size 5.8 m diameter, 16 m height 
Coolant Sodium 
Coolant temperature, inlet/outlet 355 ºC/ 510 ºC 
Power conversion cycle Supercritical CO2 Brayton cycle 
Thermal efficiency 38% 
 
The SMFR core was modelled by the TRANSX/TWODANT/REBUS code system according to design 
parameters in the SMFR design report and the multiplication factor behavior during 30 years is 
presented in Figure 4.14. 
 
 
 
Figure 4. 14. Core multiplication factor change of SMFR. 
 
Table 4.5 shows the calculated keff of the SMFR core with the all control rods in and out at BOC and 
the all rod worth is presented by the keff difference, which shows the reasonable values and the depletion 
performance of the SMFR core was well assessed. 
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Table 4. 5. keff calculation result for SMFR. 
 
All rod in All rod out Difference 
0.95470 1.04207 0.08737 
 
Figure 4.15 shows the radial power distribution of SMFR core. The red numbers in the first line are the 
values for BOC and the numbers in the second line are the values for EOC. As this figure shows, the 
radial power peak is in the middle of between the inner core and the outer core at the BOC while the 
radial power shape shows a cosine shape with a center peak at EOC due to the active core movement. 
 
 
 
Figure 4. 15. Calculation results of radial power distribution (MWth). 
 
The whole core flux distribution with 24 energy groups is presented in Figure 4.16. There is little 
spectrum change during the operation time. The dominant energy region is around 500 keV as usual 
fast reactor spectrum. 
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Figure 4. 16. Flux distribution comparison (BOC and EOC). 
 
The main isotopes in the SMFR whole core are presented in Table 4.6. 239Pu increases mainly from the 
238U breeding, which makes the core keep burning with the newly produced fuel. 
 
Table 4. 6. Heavy isotopes at BOC and EOC 
 
Isotopes 
BOC EOC 
Atom density wt% Atom density wt% 
235U 4.00e-03 0.62 1.74e-03 0.30 
238U 5.44e-01 83.73 4.83e-01 83.34 
237Np 6.92e-03 1.06 4.16e-03 0.72 
238Pu 2.84e-03 0.44 3.54e-03 0.61 
239Pu 4.98e-02 7.67 5.07e-02 8.74 
240Pu 2.33e-02 3.59 2.28e-02 3.93 
241Pu 6.98e-03 1.08 4.54e-03 0.78 
242Pu 5.03e-03 0.77 5.00e-03 0.86 
241Am 4.69e-03 0.72 2.34e-03 0.40 
242Am 2.01e-05 0.00 0.00e+00 0.00 
243Am 1.46e-03 0.23 1.28e-03 0.22 
243Cm 1.00e-05 0.00 3.04e-06 0.00 
244Cm 4.89e-04 0.08 4.73e-04 0.08 
245Cm 3.98e-05 0.01 7.10e-05 0.01 
246Cm 9.90e-06 0.00 1.37e-05 0.00 
Total 6.50e-01 100.00 5.80e-01 100.00 
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4.1.4 UCFR 
 
Two long life UCFR core concepts were developed targeting 1000 MWe and 100 MWe; the detailed 
information is provided in Ref. [39]. Figure 4.17 shows the multiplication behavior of UCFR-1000 
calculated by McCARD code, which has steady reactivity during the blanket burning period. It has been 
confirmed that it operates 60 years without refueling. 
 
 
 
Figure 4. 17. Multiplication factor behavior of UCFR-1000. 
 
In the optimization study, UCFR-1000 was optimized with regard to geometry, fuel, radial power 
distribution, and maximum neutron flux level. In this process, many characteristics of breed-and-burn 
operation were studied such as multiplication factor, power distribution tendency, breeding ratio, and 
nuclide density distribution. Figure 4.18 and Figure 4.19 were plotted also by McCARD code and it 
shows the nuclide distribution of optimized UCFR-1000 with both natural uranium (NU) and SF blanket 
at MOC. In this figure, the nuclide transmutation can be noted well by comparing the densities in the 
upper and the lower part of the neutron flux peak. 
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Figure 4. 18. Isotope distribution of UCFR-1000 with natural uranium blanket [39]. 
 
 
 
Figure 4. 19. Isotope distribution of UCFR-1000 with spent fuel blanket [39]. 
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Additional evaluation has been performed by reducing the power rate further with the ultimate goal of 
developing a long-life small modular core concept. The chosen core is a 50 MWe UCFR; the core size 
is reduced from the UCFR-100 and the blanket is filled with natural uranium. Table 4.7 briefly 
summarizes the design parameters of UCFR-100 and UCFR-50, which has been adapted from UCFR-
100. Figure 4.20 shows the feasibility test of the long life operation after modifying the core height 
which includes the LEU and blanket region. This calculation has been performed by 
TRANSX/TWODANT/REBUS code system. As the figure shows, only the red one has an operation 
feasibility of more than 30 years. It is noticeable that the blanket should be filled with enriched uranium 
instead of natural uranium because it cannot maintain criticality with only natural uranium in this small 
geometry. It is expected that the power density can be increased by shortening the pin length while the 
blanket is enriched. 
 
Table 4. 7. Comparison of core design parameters of UCFR-100 and UCFR-50. 
 
Parameter UCFR-100 UCFR-50 
Power [MWth] 260 130 
Cycle length [year] 60 60 
Assembly pitch [cm] 16.5 16.5 
Number of assembly ring 10 8 
Number of total assembly 595 433 
Diameter [cm] 430 360 
Assembly area [cm2] 235.8 235.8 
Height [cm] 120 160 
Core volume [kl] 8.2 8.4 
Power density [W/cm3] 31.7 15.5 
 
 
 
Figure 4. 20. Feasibility test of long life operation with UCFR-50 model. 
0.92
0.94
0.96
0.98
1.00
1.02
1.04
0 10 20 30 40 50 60
k
-e
ff
ec
ti
v
e
Operation time (year)
50cmLEU_50cmNU
60cmLEU_100cmNU
70cmLEU_90cmNU
80cmLEU_80cmNU
80cmLEU_80cmNU_100MWe
42 
 
4.2 Assessment of Material Performance 
 
In the previous section, ultra-long life operation feasibility in compact fast reactors was evaluated by 
analyzing the four reactor concepts. However, it does not ensure immediate application or deployment 
since it has been performed from the neutronics point of view. The operation for decades of a compact 
fast reactor requires advanced fuel and structural materials, and it is essential to adopt a coolant material 
which is optimally compatible with both. There have been some research reactors and they have 
provided many meaningful data so far. Experimental Breeder Reactor II (EBR-II) showed the safety 
characteristics of pool-type SFR and it proved the inherent safety of LMR [48] by the loss of flow 
experiment during the operation, which has enabled many subsequent studies for the safety potential of 
fast reactors. The Fast Flux Test Facility also made a big step for the development of fast reactor 
materials [49] and the experiment date has been widely used for the determination of fast reactor 
material. 
A number of liquid metal cooled SMRs have been designed and operated in China, France, India, Japan, 
the Russian Federation, and the USA. Table 4.8 summarizes the SMRs which are cooled by liquid metal, 
all of which are fast reactors. The China Experimental Fast Reactor (CEFR), a sodium cooled 20 MWe 
experimental fast reactor with PuO2-UO2 fuel, is currently in operation and was connected to the grid 
in 2011. India is preparing for the operation of a 500 MWe Prototype Fast Breeder Reactor (PFBR), 
which was expected to be commissioned in 2013 but has been delayed. Japan has developed the Super-
Safe, Small and Simple (4S) reactor, designed to provide 10 or 50 MWe, as a very small nuclear reactor 
design that can be located in a sealed, cylindrical vault underground, with the building above the ground. 
The Russian Federation’s 300 MWe design BREST-OD-300 is a lead cooled fast reactor that uses a 
two-circuit heat transport system to deliver heat to a supercritical steam turbine. The Russian Federation 
has also developed and plans to construct several SVBR-100 units, which are small fast reactors with 
lead-bismuth eutectic alloy as the coolant and a power output of 100 MWe. In the USA, the Power 
Reactor Innovative Small Module (PRISM), a 155 MWe liquid metal cooled fast breeder reactor, has 
been developed and a design control document is currently being drafted to plan the licensing process. 
The Gen4 Module (G4M) design with an electrical power output of 25 MWe is in the conceptual design 
stage. 
In this section, a material performance analysis has been performed for a reactor concept of compact 
size of 50~100 MWe, liquid metal coolant, and 30~60 years operation without refueling. 
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Table 4. 8. Liquid metal cooled small modular reactors [6]. 
 
Parameters CEFR 4S 
PFBR-
500 
BREST-OD-
300 
SVBR-
100 
PRISM G4M 
Power, 
thermal/electrical 
[%] 
65/20 30/10 1250/500 700/300 250/101 840/311 70/25 
Coolant Sodium Sodium Sodium Lead LBE Sodium LBE 
Fuel form (Pu,U)-O2 U-Zr 
PuO2-
UO2 
PuN-UN-
MA 
UO2 U-Pu-Zr UN 
Fuel Enrichment 
[%] 
19.6 <19 2 zones N/A <16.4 26(Pu) 19.75 
Fuel cycle [year] N/A 30 0.5 1 7~8 1.5 10 
Design Life [year] 30 30 40 60 60 N/A 5~15 
 
4.2.1 Fuel: Fertile 
 
There are two fertile materials that can be utilized as a fuel and blanket material; thorium and uranium. 
The primary properties of thorium and uranium are summarized in Table 4.9. Thorium has a higher 
thermal conductivity, lower volumetric thermal expansion coefficient, higher irradiation creep 
resistance, higher ductility, and higher melting temperature. The crystalline structure of thorium is 
isotropic face centered cubic, which reduces dimensional change in thermal and neutron irradiation 
environments, while uranium has a large dimensional change associated with its highly anisotropic 
crystalline structure in the alpha phase. In respect of the thermal and mechanical properties, thorium 
has favorable thermo-physical and irradiation features to maintain the fuel element integrity.  
 
Table 4. 9. Uranium and thorium properties [50]. 
 
 Thorium Uranium 
Natural abundance (earth crust) [ppm] 13 4 
Density (pure metal) at 298K [g/cm3] 11.7 19.0 
Thermal conductivity at 298K [W/m∙K] 49 28 
Volumetric expansion coefficient [/K] 3.5x10-5 6x10-5 (α) 
Melting point [K] 2023 1408 
Phase transformation temperature [K] 1633 (α-β) 940 (α-β) 
Fissile isotope None 235U 
Major bred fissile isotopes 233U 239Pu, 241Pu 
Delayed neutron fraction 
232Th: 0.0227 
233U: 0.0029 
235U: 0.0065 
238U: 0.0158 
239Pu: 0.0022 
 
The natural abundance of thorium is greater than that of uranium but thorium have not been considered 
as a fuel for an initial nuclear reactor because natural thorium does not have a fissile isotope and 
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thorium-based fuel initially requires a fissile material support until sufficient 233U is bred to maintain 
criticality of the core. In addition, thorium has a smaller density and its bred fissile (233U) produces 
fewer neutrons per absorption in fast neutron energy (> 0.1 MeV), which dominantly impacts on the 
core performance characteristics. The lower metal density requires loading a larger volume of fuel or 
shortening the cycle length to keep the core critical. The number of neutrons yielded per neutron 
absorption (η) is shown in Figure 4.21 for major actinide isotopes. The η value of 233U is higher in 
thermal and epi-thermal neutron energy ranges than that of 239Pu, which is the major bed fissile from 
the U-based fuel cycle. However, the η value of thorium becomes smaller in the fast neutron energy 
range (> 0.1 MeV). In addition, the fission threshold energy of 232Th is higher than 238U. As a result, 
thorium-based fuel has fewer extra neutrons (from both fissile η and fertile fission bonus) for breeding 
compared to uranium-based fuel. Although the delayed neutron fraction of 232Th is higher than that of 
238U, thorium has a substantially lower fission cross-section due to its higher fission threshold energy 
and will generally contribute less to the overall delayed neutron fraction. As a result, the effective 
delayed neutron fraction of thorium-based fuel is smaller than that of uranium-based fuel. On the other 
hand, thorium-based fuel shows different reactivity feedback behaviors in the fast neutron energy range. 
Figure 4.21 shows that 233U has a smaller η variation per spectrum change compared to 239Pu. As a 
result, thorium-based fuel has less positive spectral effect compared to uranium-based fuel in a fast 
reactor. Besides, Doppler effect is stronger in thorium-based core than uranium based fuel because of 
the larger resonance captures after Doppler broadening [51]. Thus thorium fuel in SFR is advantageous 
in the safety aspects. 
 
 
 
Figure 4. 21. Neutron yield per absorption (η). 
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Thorium is difficult to handle due to its high gamma-energy release with some decay products of 
thorium and 233U, and higher radioactivity level of its fission products. In addition, thorium can provide 
waste management benefits for once-through fuel cycle options due to the marginal production of the 
minor actinides. However, still it is difficult to say that thorium has better proliferation resistance. 
 
4.2.2 Fuel: Fuel type 
 
The neutron reaction characteristics of major elements at typical SFR are provided in Table 4.10. 
Transuranic (TRU) and uranium are fuel materials, iron is the primary structural material, and zirconium, 
oxygen, and carbon are additional elements of the metal, oxide, and carbide fuels, respectively. The 
slowing down power of most of the fast reactor materials is less than 1% of hydrogen’s in a PWR. The 
slowing-down power of zirconium is smaller than that of oxygen and carbon, which means the metallic 
fueled core has a harder spectrum than the oxide and carbide fueled cores. The metallic fuel density is 
larger than that of oxide or carbide fuels, which is favorable to increase the achievable breeding ratios 
of fuels as shown in Figure 3.5. 
 
Table 4. 10. Comparison of neutron reaction characteristics of major elements [52]. 
 
 
Scattering 
XS (barn) 
Atomic density 
(#/barn-cm) 
Slowing down 
powers (cm-1) 
TRU 4.0 3.2E-03 1.1E-04 
U 5.6 5.6E-03 2.7E-04 
Zr 8.1 2.6E-03 4.6E-04 
O 3.6 1.4E-02 5.8E-03 
C 3.9 1.6E-02 1.0E-02 
Fe 3.4 1.9E-02 2.3E-03 
Na 3.8 8.2E-03 2.7E-03 
H (PWR) 11.9 2.9E-02 3.5E-01 
 
Each fuel type has different characteristics, not only with regard to neutronics but also from the 
mechanical and thermal points of view. Table 4.11 shows the smear densities and melting temperatures 
of liquid metal cooled fast breeder fuels and Figure 4.22 shows typical operating temperatures of those 
fuels. When a certain core calculation is performed, the smear density should be applied to consider the 
fuel swelling by continuous irradiation, particularly in a fast reactor. The smear density of metallic fuel 
is 75 %, which means the volume fraction of initially loaded fuel to swelled fuel is 0.75.  
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Table 4. 11. Theoretical and smear densities of heavy metals in LMFBR fuels (1985) [53]. 
 
 dM (g/cm3) Smear density (g/cm3) Melt. Temp. (K) b) Smear density (%) 
U+15Pu+10Zr a) 14.13 10.6 ~1300 75 
(U,Pu)C 12.95 10.4 2700 80 
(U,Pu)N 13.53 10.8 3050 80 
(U,Pu)O2-x 9.75 8.0 2950 82 
-U 19.07 - 1405 - 
a) Weight % 
b) Solidus temperatures 
 
 
 
Figure 4. 22. Typical operating temperatures of the dense LMFBR fuels [53]. 
 
The typical fuel characteristics and operation performance according to fuel type is presented in Table 
4.12. Compared with the conventional oxide fuel, the others have higher thermal conductivity and heavy 
metal density that are favorable in heat and neutron economics, respectively. Metal fuel with zirconium 
is the most advantageous among them except for the fact that it has the lowest melting point. The largest 
thermal expansion coefficient is not a disadvantage any more when it comes to loading in a fast reactor 
where the expansion coefficient is an important safety parameter for high temperature operation. High 
swelling of metal fuel is also adjustable by loading fuel with smear density. Nitride fuel seems better 
than metal fuel in some ways but it produces 14C by a 14N (n,p) reaction that needs 15N enrichment which 
leads to a significant cost penalty. Besides, the experience with nitride fuel is relatively very limited and 
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it is also subject to the same swelling problem as carbide fuel.  
 
Table 4. 12. Properties of each fuel type [54, 55]. 
 
Fuel (U0.8Pu0.2)O2 (U0.8Pu0.2)C (U0.8Pu0.2)N U-19Pu-10Zr 
Density (g/cm3) 11.04 13.58 14.32 15.73 
Melting Point (K) 3023 2750 3070 1400 
Thermal conductivity (W/m∙K) 
1000 K 
2000 K 
 
2.6 
2.4 
 
18.8 
21.2 
 
15.8 
20.1 
25 
Thermal expansion between 
20 °C and 1000 °C (10-6/K) 
12.6 12.4 10.0 16.5 
Crystal structure (Type) Fluorite NaCl NaCl BCC (>973K) 
Breeding ratio 1.1 – 1.15 1.2 – 1.25 1.2 – 1.25 1.35 – 1.4 
Swelling Moderate High High High 
Handling In air 
Inert 
atmosphere 
Inert 
atmosphere 
Inert 
atmosphere 
Clad compatibility Average 
Carburizatio
n 
Good Eutectics 
Water compatibility Compatible Bad Bad Incompatible 
Sodium compatibility Bad Good Good Good 
Dissolution & reprocessing 
amenability 
Demonstrated 
on industrial 
scale for 
aqueous and 
pilot scale for 
pyro-processes 
Process not 
yet 
demonstrated 
on industrial 
scale 
Dissolution 
easy but risk 
of C14 in 
reprocessing 
Pyro-
processing 
demonstrated 
on pilot plant 
scale 
 
With a normalized neutron flux and adjoint flux graph, Figure 4.23 shows that metal fuel has a harder 
neutron spectrum than any other type of fuel. This is due to the fact that each nucleus combined with 
uranium fuel such as oxygen in oxide fuel, carbon in carbide fuel, and nitrogen in nitride fuel has 
stronger slowing down power than zirconium in metal fuel. 
There is another important criterion in assessing the fuel performance for each fuel type. Table 4.13 
summarizes the thermal feedback coefficients and dynamic characteristics of metallic fuel and nitride 
fuel. This table had been made in the accident analysis of a lead or LBE cooled small long-life fast 
reactor. Compared to nitride fuel, regardless of time, metal fuel has more negative feedbacks for coolant 
density, radial expansion, and axial expansion while it has less negative feedback for Doppler. It results 
from the fact that metal fuel has larger neutron leakage and thermal expansion while nitride fuel has 
softer neutron spectrum due to the moderation by the nitrogen nucleus. This result indicates that metal 
fuel is more sensitive to coolant temperature while nitride fuel is more sensitive to fuel temperature. 
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Figure 4. 23. Typical neutron flux and adjoint flux spectrum according to fuel type [56]. 
 
Table 4. 13. Reactivity feedback coefficient at the BOC and EOC [57]. 
 
Time Case 
Reactivity coefficient (10-6 °C-1) 
Λ(s) βeff 
Doppler 
Coolant 
density 
Radial 
expansion 
Axial 
expansion 
BOC Metal -2.67 -1.77 -9.50 -3.47 1.82×10-7 0.00447 
BOC Nitride -5.66 -0.94 -8.69 -1.40 2.23×10-7 0.00437 
EOC Metal -2.64 -1.35 -8.79 -2.98 1.87×10-7 0.00425 
EOC Nitride -5.26 -0.41 -7.74 -1.08 2.23×10-7 0.00414 
 
Figure 4.24 shows the simulation results for the ULOF accident at the BOC. For this accident, all 
primary pumps gradually coast to a stop in 12 s. For the axial expansion of fuel, the metallic fuel gives 
a larger absolute value of reactivity feedback than the nitride fuel, and for the metallic fuel this 
component is very important. The Doppler effect, however, is large and dominant for the nitride fuel, 
but relatively small and less important for the metallic fuel. The radial expansion gives the largest 
contribution and is similar for both metallic and nitride fuels. 
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Figure 4. 24. Change in reactivity component during ULOF accident at BOC for metal fuel (left) and 
nitride fuel (right) [57]. 
 
Figure 4.25 shows the simulation result of UTOP accident at the BOC. The fuel axial expansion 
reactivity and the Doppler effect seem to contribute more in the UTOP accident than in the ULOF 
accident but even the actual values decrease. For UTOP, The Doppler coefficient is dominant for nitride 
fuel while the fuel axial expansion coefficient is dominant for metallic fuel due to its great thermal 
expansion characteristics. 
 
 
 
Figure 4. 25. Change in reactivity component during UTOP accident at BOC for metal fuel (left) and 
nitride fuel (right) [57]. 
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4.2.3 Coolant 
 
Water, most widely used as a coolant for PWRs, is not suitable as a coolant material for fast reactors 
because of its large moderation power. There has been a lot of research and development of coolant 
materials for fast reactors, and liquid metal and gaseous materials have been chosen as typical coolants 
for Gen-IV reactors. The perspectives on these coolant candidates for fast reactors are different in 
Europe, Asia, and the US, as summarized in Table 4.14. A gas-cooled fast reactor (GFR) is operated at 
relatively high temperature and this has potential from the thermal-hydraulic point of view but this is 
not enough to compensate for its various disadvantages. This is also true for the lead cooled fast reactor 
(LFR), which has potential in design simplifications but at the same time has problems with corrosion 
and mechanical coolant properties. On the other hand, all agree that the SFR has significant pre-existing 
base technology development and a clear understanding of the remaining challenges to be addressed 
before industrial deployment. Sodium has many desirable characteristics.  
Table 4.15 shows the mechanical properties of some coolant materials. A coolant material is expected 
to have low values for its melting point, density, viscosity, and absorption cross section, and high values 
for its boiling point, specific heat, and thermal conductivity. In this respect, sodium is a preferable 
material for a coolant of a nuclear power plant system. Lead and LBE have also been used and 
researched as a coolant material for their chemical stability, but their high density and corrosion 
possibility can be a big issue when they are used in a long life reactor. 
The performance of sodium, lead, and LBE coolant were tested in UCFR-100 and the calculation result 
is presented in Figures 4.26. Lead and LBE show apparently better performance than sodium in the 
neutronics point of view. The keff of an LBE reactor is greater than that of a sodium reactor because the 
LBE prevents neutron leakage from the core well. It is noted that the capture and scattering cross-section 
of LBE are greater those that of sodium as shown in Figure 4.27 and Figure 4.28. However, the big 
problem of lead or LBE coolant is their high corrosiveness. With a high-performance reflector, sodium 
fast reactor is able to perform as efficiently as an LBE-cooled reactor. An intermediate coolant loop is 
generally used in SFRs because of coolant activation and the potential for sodium/water interaction 
between high-pressure steam and the low-pressure sodium loop. 
 
 
 
 
 
 
 
 
51 
 
Table 4. 14. France-Japan-US comparisons among SFR, GFR, and LFR [58]. 
 
Concept Item CEA JAEA ANL 
SFR 
Advantage 
- Pre-existing background 
(including oxide fuel and 
fuel cycle) 
- Potential for progress 
- Clear understanding of 
remaining challenges 
before industrial 
deployment 
- Pre-existing background 
- Higher potential for 
economics 
- Clear understanding of 
remaining challenges 
before industrial 
deployment 
- Technical maturity 
(reactor and fuel 
cycle) 
- Inherent safety 
- Better fuel 
utilization 
Disadvantage 
- Economics (high 
investment cost and too 
long unavailability, 
feedback of Super-
Phénix) 
- Technologies for 
inspection and repair to 
be developed 
 - Perception of 
higher capital costs 
than LWR 
technology 
GFR 
Advantage 
- High temperature 
potential 
- Inspection and repair 
- High temperature 
potential 
- High temperature 
potential 
- Inspection and 
repair 
Disadvantage 
- Pressurization (fast 
depressurization in 
design basis events) 
- Fuel feasibility and 
performance (ceramics 
cladding) not yet proved 
- Safety issues (material 
behavior in case of 
severe accidents) 
- Larger Pu inventory than 
SFR and LFR 
- TiN coated Nitride fuel 
and SiC subassembly are 
not proved 
- Larger fuel 
inventory than SFR 
and LFR 
- Physically larger 
than SFR and LFR 
technology 
- Development of 
new fuel forms and 
structural materials 
- Safety issues (decay 
heat removal may 
be a prohibitive 
safety challenge) 
LFR 
Advantage 
- Potential for design 
simplification 
- Potential for design 
simplification 
- Potential for design 
simplification 
Disadvantage 
- Coolant properties (high 
melting point of Pb, 
scarcity and activation of 
Bi) 
- Corrosion control 
- Unknown safety 
behavior 
(subassembly/control rod 
ejection) 
- Technologies for 
inspection and repair 
- Plant size limited by 
seismic design 
requirements 
- Corrosion control 
- Nitride fuel development 
- Unknown CDA behavior 
- Coolant properties 
such as density 
impact on size and 
mass of piping and 
vessel 
- Corrosion of 
structural materials 
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Table 4. 15. Coolant material properties [59-62]. 
 
Properties at RT* Na Pb LBE He CO2 Ga GaIn NaK 
State in operation Liquid Liquid Liquid Gas Gas Liquid Liquid Liquid 
Atomic weight 23.0 207.2 208 4 44.01 69.72 - 34 
Melting point (°C) 97.8 327.4 123.5 -272 -56.6 29.8 15.7 -11.1 
Boiling point (°C) 892 1737 1670 -267 - 2205 2000 783.8 
Density (kg/m3) 880 10500 10300 0.178 1.977 6100 6280 872 
Specific heat 
(J/kg∙K) 
1300 160 146 5200 844 373 326 1154 
Thermal 
conductivity (W/m∙
K) 
76 16 11 0.152 0.015 28 41.8 25.3 
Viscosity (cP, 10-3 
kg/m·s) 
0.34 2.0-2.5 1.7 0.018 0.07 1.96 1.69 0.468 
Coefficient of 
volumetric thermal 
expansion (10-6∙K-3) 
200 87 130 - - 59.5 - 39.35 
Compatibility with 
structural materials 
Good Corrosion Corrosion Good Corrosion Good - Good 
Chemical reactivity 
with water and air 
Severe Low Low Low Low Low Low Severe 
Optical 
transparency 
Opaque Opaque Opaque Transparent Transparent Opaque Opaque Opaque 
*Room Temperature 
 
 
 
Figure 4. 26. K-eff difference (coolant-void). 
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Figure 4. 27. Radioactive capture cross section by coolant material. 
 
 
 
Figure 4. 28. Elastic cross section by coolant material. 
 
4.2.4 Reflector, clad and structure 
 
The materials for the reflector, clad and structure have been evaluated. Because the core structure will 
be exposed to the hard conditions of high temperature and high neutron flux for a long time in a long 
life fast reactor, it is preferable for the materials to have a low thermal expansion coefficient while it is 
preferable to have a high modulus of elasticity, yield strength, and ultimate strength. Table 4.16 
summarizes some materials used for reflectors or structure. Stainless steel and Zircaloy are used for the 
reflector and cladding in light water reactors. However, the structural material could be different in a 
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long life fast reactor because the operation conditions and cycle length are different. Our target length 
is decades while that of an LWR is about 6 years. Furthermore, the chemical reaction between the 
coolant and structural material should be considered differently too. The melting point of the alloy 
between cladding and coolant should be higher than that of the alloy between cladding and fuel. In 
addition, the cladding is required to be able to keep the fission gas from leaking.  
 
Table 4. 16. Mechanical properties of reactor structural materials. 
 
Properties at RT Beryllium 
Al Alloy 
(6061-O) 
Graphite 
(nuclear) 
Stainless 
Steel 
(347) 
Zircaloy 
(-2 alloy) 
Density [g/cm3] 1.85 2.70 1.65~1.75 8.027 6.55 
Melting point [K] 1558 855~925 ~3923 1700 2093 
Specific heat [J/kg·K] 1925 896 711 502 297 
Thermal conductivity 
[W/m·K] 
216 180 156 15.6 11.6 
Coefficient of thermal 
expansion [×10-6 cm/cm/ºC] 
11.4 23.6 1.8-3.6 16.5 5.2 
Modulus of elasticity 
[×105 MPa] 
3.03 0.696 0.0689~0.103 2.00 0.958 
Yield strength [MPa] 186~262 55 57.9 207 296 
Ultimate strength [MPa] 228~352 125 13.8 517 490 
Atomic weight 9.01 26.98 12.01 55.85 91.22 
 
As shown in Figure 4.29 and Figure 4.30, SiC has a relatively lower capture and elastic scattering cross 
section but its thermal expansion coefficient and the density are also lower than metal because SiC is 
ceramic. If the fuel expands because of high temperature or irradiation, it will meet the SiC cladding 
and may be broken, leading to an escape of fission gas from the fuel rod.  
 
 
 
Figure 4. 29. Radioactive capture cross section by reflector material. 
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Figure 4. 30. Elastic cross section by reflector material. 
 
HT-9 has been widely developed as an alternative material for fast reactor reflector and clad material. 
The most important advantage of using HT-9 in fast reactor is that it is feasible to operate a high burnup 
and long-cycle due to its mechanical properties. Tables 4.17~4.21 show that newly developed ferritic 
steels are superior to Stainless Steel 316 (SS316) for the cladding material. 9Cr-1Mo and ferritic-
martensitic stainless steel (FMS) show better performance than HT-9, but their fabrication is difficult 
and the data for these materials is still unclear. Table 4.20 and Table 4.21 confirm that HT-9 is better 
optimized than SS316 also for use as a duct material in fast reactors. 
 
Table 4. 17. Phenomena and properties for stainless steel 316 cladding [63]. 
 
Cladding 
phenomena/properties 
Regulatory 
concern 
Low dpa (<100) / 
low P.C.T.* 
(550~560 °C) 
Low dpa / 
high P.C.T. 
(~630 °C) 
High dpa 
(~200) / 
low P.C.T. 
High dpa 
/ high 
P.C.T. 
Creep rate H H H IC*** IC 
Swelling rate H H H IC IC 
Fracture toughness 
properties 
L H H IC IC 
Yield strength M H H IC IC 
Carbon mass transport M H H IC IC 
FCCI** M M L IC IC 
* P.C.T. – Peak Cladding Temperature, ** Only applicable to metal fuel, *** IC – Incompatible due to 
the poor high burnup performance of SS316 cladding. 
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Table 4. 18. Phenomena and properties for HT-9 cladding [63]. 
 
Cladding 
phenomena/properties 
Regulatory 
concern 
Low dpa (<100) / 
low P.C.T.* 
(550~560 °C) 
Low dpa / 
high P.C.T. 
(~630 °C) 
High dpa 
(~200) / 
low P.C.T. 
High dpa 
/ high 
P.C.T. 
Creep rate H H M H L 
Swelling rate M H M H L 
Fracture toughness 
properties 
M H M H L 
Yield strength M H M H L 
Carbon mass transport L N/A*** N/A N/A N/A 
FCCI** M H M H M 
* P.C.T. – Peak Cladding Temperature, ** Only applicable to metal fuel, *** N/A – Not Applicable 
Note: Fabrication is not readily available, must be demonstrated to be consistent with historical HT-9 
database mechanical and radiation testing. 
 
Table 4. 19. Phenomena and properties for advanced cladding (e. g., 9Cr 1Mo, FMS) [63]. 
 
Cladding 
phenomena/properties 
Regulatory 
concern 
Low dpa (<100) / 
low P.C.T.* 
(550~560 °C) 
Low dpa / 
high P.C.T. 
(~630 °C) 
High dpa 
(~200) / 
low P.C.T. 
High dpa 
/ high 
P.C.T. 
Creep rate H M M M L 
Swelling rate M M M M L 
Fracture toughness 
properties 
M M M M L 
Yield strength M M M M L 
Carbon mass transport L N/A*** N/A N/A N/A 
FCCI** M L L L L 
* P.C.T. – Peak Cladding Temperature, ** Only applicable to metal fuel, *** N/A – Not Applicable 
Note: Fabrication is difficult but organizations claim that they can fabricate on an industrial scale. 
Note: Japan and France have data from the phenomena/properties listed above, but it is unclear how 
available this data would be to a U.S. designer 
 
 
 
 
 
 
 
 
 
 
 
 
 
57 
 
Table 4. 20. Phenomena and properties for stainless steel 316 duct [63]. 
 
Duct 
phenomena / 
properties 
f(dpa,t) 
Regulatory 
significance 
Low dpa 
(<100) / 
duct inlet 
temperature 
(400 °C) 
Low dpa 
(<100) / 
duct outlet 
temperature 
(550 °C) 
Low dpa 
(<100) / 
peak duct 
temperature 
(~580 °C) 
High dpa 
(~200) / 
duct inlet 
temperature 
(400 °C) 
High dpa 
(~200) / 
duct outlet 
temperature 
(550 °C) 
High dpa 
(~200) / 
peak duct 
temperature 
(580 °C) 
Creep rate M H H H IC* IC IC 
Swelling 
rate 
M H H H IC IC IC 
Fracture 
toughness 
properties 
L H H H IC IC IC 
Yield 
strength 
L H H H IC IC IC 
Carbon 
mass 
transport 
L H H H IC IC IC 
Dimensional 
distortion 
H H H H IC IC IC 
Bundle 
interaction 
H M** M** M** IC IC IC 
Bundle-duct 
interaction 
H M** M** M** IC IC IC 
Duct-duct 
interaction 
M H** H** H** IC IC IC 
* IC - Incompatible, ** If information has been preserved 
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Table 4. 21. Phenomena and properties for HT-9 duct [63]. 
 
Duct 
phenomena / 
properties 
f(dpa,t) 
Regulatory 
significance 
Low dpa 
(<100) / 
duct inlet 
temperature 
(400 °C) 
Low dpa 
(<100) / 
duct outlet 
temperature 
(550 °C) 
Low dpa 
(<100) / 
peak duct 
temperature 
(~580 °C) 
High dpa 
(~200) / 
duct inlet 
temperature 
(400 °C) 
High dpa 
(~200) / 
duct outlet 
temperature 
(550 °C) 
High dpa 
(~200) / 
peak duct 
temperature 
(580 °C) 
Creep rate M H H H M M M 
Swelling 
rate 
M H H H M M M 
Fracture 
toughness 
properties 
H H H H M M M 
Yield 
strength 
L H H H M M M 
Carbon 
mass 
transport 
L H H H H H H 
Dimensional 
distortion 
H H H H M M M 
Bundle 
interaction 
H M* M* M* M* M* M* 
Bundle-duct 
interaction 
H M* M* M* M* M* M* 
Duct-duct 
interaction 
M H* H* H* M* M* M* 
* If information has been preserved 
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V. DEVELOPMENT OF ADVANCED SM-SFR 
 
 
5.1 Design Requirement 
 
The objective of this section is to develop the requirements for the small modular long life sodium-
cooled fast reactor core concept. The requirements were compared against existing fast reactor concepts 
and also against the other breed-and-burn reactor concepts. Both small modular reactor and sodium fast 
reactor has advantageous points respectively so the points should be maximized in their combined 
concept. Small modular long life sodium-cooled fast reactor is one of the reactor types for desert, polar 
region, or small and medium-sized cities far away from electric grid. To have the small modular reactor 
economic feasibility, it has to be deployable so it should be manufactured as a modular vessel containing 
every component for generating steam such as reactor core, steam generator, pump, and etc. If the 
reactor needs fuel shuffling or has short cycle length, it needs lots of manpower and time. It is possible 
for the small modular reactor to have breed-and-burn strategy by blending the long life fast reactor 
concept. Inherent safety gives high fidelity for safety and also high economic feasibility so it is essential 
part of nuclear power plant design. It is important to strengthen the strength and make up for the 
weakness. 
 
5.1.1 Reactor 
 
(1) Pool vs. Loop 
In the development of reactor design requirements especially for mechanical system, each item has 
various choices and each choice has relative pros and cons. The specifications have focused on the 
maximization of the advantages of each item and they have been evaluated for the aspect of both SMR 
and SFR. 
It was analyzed to determine the reactor type that is the arrangement of reactor vessel. As the Figure 
5.1 shows, the major difference between the two types is whether the heat exchanger is inside the vessel 
or not, which brings many different characteristics for the two types. Table 5.1 summarizes the pros and 
cons of the pool type and loop type in general. It should be analyzed differently, however, because the 
relatively large coolant inventory, large vessel size, and large site are no longer disadvantages when it 
comes to small size reactor. Therefore, the reactor type has been determined to pool type focusing on 
its advantages. Large thermal capacity is the key nature of pool type, which provides favorable safety 
characteristics and makes it preferable in core design. There are several more things to consider, 
however, such as the core and barrel size and their feasibility. This is directly related with the power 
density which is another important criterion for the small reactor economics. 
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Figure 5. 1. The comparison of pool and loop type design of liquid metal cooled fast reactor. 
 
Table 5. 1. The pros and cons of reactor type. 
 
 Pool type Loop type 
Pros 
- Large heat capacity 
- Less Leakage 
- Simple design w/o branches 
- Hot coolant never comes into contact 
with the vessel wall 
- Size is smaller than pool-type 
- It can be built in a factory and 
transported to the site 
- Easier to inspect 
Cons 
- More coolant inventory 
- Vessel is so large 
- Large building site is needed 
- It is built in on site because of size 
- Difficulty to inspect of internal 
structures during operation 
- Pipe stress 
- Pipework is longer and more 
- Less experience with large-scaled 
loop type reactors 
Example 
BN600, PRISM, PHENIX, PFR, 
SUPER PHENIX I, CDFR I, BN1600 
MONJU, JOYO, SNR300, CRBR, 
SNR 2 
 
(2) Pump 
Several design requirements have been analyzed in both from the SMR and SFR point of view. Table 
5.2 shows several things to consider when selecting a pump. In the respect of small reactor, the 
drawbacks of electromagnetics pumps can be free while the drawbacks of mechanical pumps cannot be 
free in the respect of long cycle operation. Therefore, electromagnetic pump is more suitable for SM-
SFR. 
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Table 5. 2. Pros and cons for each kind of pumps [64]. 
 
 Electromagnetic pumps Mechanical pumps 
Advantages 
- No rotating mechanical pieces 
- Very limited maintenance 
- Great reliability (for BR10 as 
example, 170,000 hrs (~20 years) of 
operation without major incident 
(same for ancillary system of SPX) 
- Very small impact of cavitation 
- Large operational feedback from 
reactors 
- Good efficiency (70 ~ 80%) 
- Important inertia when stopped 
Drawbacks 
- Low efficiency (maximum 40%) 
- Risks of electromagnetic instabilities 
for large pumps 
- Important component volume 
required for very large flow rates (ie. 
some tons/s) 
- Electrical insulation and magnetic 
materials working at 550 ºC 
- No operational feedback from large 
pumps immersed in reactor 
- Several rotating elements 
- Limited life duration for hydrostatic 
bearings 
- Necessity to cool engines, bearings 
- Necessity of periodical maintenance 
 
Table 5.3 shows electromagnetic pump design parameters of SMFR. The power of SMFR is 100 MWe 
and it adopts pool type. The SMFR uses 2 units of the electromagnetic pump and SM-SFR is expected 
to have 1 or 2 units of the electromagnetic pump due to its power level of 50~100 MWe. 
 
Table 5. 3. Electromagnetic pump design parameters for SMFR [65]. 
 
Design Parameter Value 
Power [kW] 360 
Mass [kg] 1,980 
Pole Count 10 
Coil Count 60 
Temperature [ºC] 355 
Volumetric flow rate [m3/s] 0.383 
Discharge pressure [MPa] 200 
Length [m] 2.75 
Shroud outer diameter [m] 0.84 
 
(3) Steam cycle 
Table 5.4 summarizes the characteristics of Rankine cycle and Brayton cycle in general and for SFR. 
Rankine cycle is better for easy and short-term deployable application but there will be no development 
in the aspect of technique and economics. And it is inevitable for steam cycle to have the risk of water-
sodium reaction which is a critical issue in SFR. On the other hand, Brayton cycle has not been used 
widely not only by SFR but also by the other reactors. Brayton cycle, however, is economically superior 
to Rankine cycle. First, it has a little possibility to allow water-sodium reaction that Rankine cycle 
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should prepare vast budget to prevent. Second, it can realize high thermal efficiency which is the key 
criterion for thermal cycle. Brayton cycle has been evaluated to have the thermal efficiency of around 
45 %, which brings more than 40 million dollar every year comparing Rankine cycle. Lastly, Brayton 
cycle has relatively small and cheap components. For the future-oriented reactor concept being 
developed in this study, Brayton cycle is valuable enough to be adopted. 
 
Table 5. 4. Rankine cycle vs. Brayton cycle. 
 
Cycle Rankine Brayton 
Characteristics 
- Most widely used steam cycle 
- Use liquid; water in general but 
ammonia, mercury 
- Closed cycle 
- Gas turbine 
- Higher temperature, higher 
efficiency 
- Open & closed cycle (NPP uses 
closed with gas) 
- Small and cheap 
For SFR 
- Traditionally adopted  
- Potential for energetic water–
sodium reactions is a long-standing 
issue 
- To prevent water-sodium reaction, 
expensive double wall and complex 
safety system needed 
- SFR outlet temperature is between 
500 ºC and 550 ºC due to metal clad 
peak temperature limit 
- Low efficiency: multiple reheat 
strategy and intercooling needed 
 
The layout of the cycle, pressure ratio and temperature range dominate the thermal performance of the 
cycle. The optimized pressure ratios and temperature range for the highest performance are different 
from that of other fluids. Table 5.5 compares the candidate working fluids for Brayton cycle. Brayton 
cycle with super critical carbon dioxide is the most deployable fluid but nitrogen also deserves careful 
consideration in the future studies.  
 
Table 5. 5. Candidate working fluid for Brayton cycle. 
 
 CO2 N2 He Air 
Critical pressure 
(MPa) 
7.4 3.5 0.23 3.8 
Characteristic 
- Inert 
- Most developed with high efficiency 
- Possible to react with sodium 
- Very inert 
- Inexpensive 
- Very inert 
- High temperature 
 
 
(4) Top-tier requirement 
There are several innovative design concerns for SFR and they are top-tier requirements to resolve the 
current SFR issues. The following list is the design options for it. 
- Passive decay heat removal capability: Maintain core soundness for 7 days when an accident occurs 
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- Double suction pumps: Reduces pump size 
- Integration of IHXs with primary pump: Reduce reactor block size and simplify primary heat transport 
system 
- Use oilless seals and bearings: Excludes the leakage of oil from seals 
- Elimination of intermediate piping: Combination of IHX and SG 
- Double straight tube SG: Eliminate the possibility of sodium-water reaction 
 
(5) SM-SFR design requirement 
The design requirements have been studied in this chapter and the requirement parameters have been 
determined that is summarized in Table 5.6. Even though they can be changed in the following design 
study, the parameters will be the basic criteria for the SM-SFR design strategy. 
 
Table 5. 6. Design requirement parameters for SM-SFR. 
 
Parameters Value 
Core thermal Output [MWth] 222~260 
Core electric power [MWe] 100 
Coolant Sodium 
Primary circulation Pool 
System pressure Non-pressurized 
Core inlet/outlet temperature [ºC] 355 / 510 
Thermodynamic cycle Brayton cycle (SCO2) 
Design life [year] 30 
Fuel cycle [year] 30 
Pump [primary/secondary] Mechanic/EM pump 
Core barrel diameter [cm] < 300 
 
5.1.2 Core 
 
There are many design requirements for a reactor core such as power, size, and the material type for 
fuel, coolant, reflector, structure, shield, and control rod, and the operation parameters such as cycle 
length, peak temperature, maximum neutron flux, linear pin power density, discharge burnup, and etc. 
As the result of the core design strategy study in chapter 3, zirconium-uranium metal fuel and sodium 
coolant are expected to be proper for this core design. HT-9 is suitable for a material for reflector, 
structure, and shielding because lots of experimental data are given provided from the real core 
operation in fast reactor. B4C is used for control rod because it has high absorption cross section in 
respect to fast neutron. To have reference and compare the design parameters, those of China 
Experimental Fast Reactor (CEFR), Prototype Fast Breeder Reactor (PFBR), and UCFR-100 have been 
summarized in Table 5.7 focused on the reactor core. Most of the parameters of SM-SFR are similar or 
less than UCFR-100 and the CEFR and PFBR would be the lower and upper limit, respectively. For 
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here, the most important criterion is the fuel cycle with the power output which is fixed as 100 MWe. 
Some criteria that should be studied more are reactivity control method, reactor type, power density, 
and the thermal dynamic cycle. [66, 39, 67] 
 
Table 5. 7. Comparison of core design parameters. 
 
Parameters CEFR SM-SFR UCFR-100 PFBR 
Location Beijing, China - - 
Kalpakkam, 
India 
Design responsible CIAE UNIST UNIST IGCAR 
Current status Stopped Developing Developed Standby 
Type Pool Pool Pool Pool 
Core thermal Output (MWth) 65 222~260 260 1250 
Core electric power (MWe) 20 100 100 500 
Design life (year) 30 30 60 40 
Fuel cycle (year)  30 60 0.5 
Active core height (cm) 45 100 100 160 
Blanket height (cm) - - 40 
30(top) 
30(bottom) 
Equivalent diameter (cm) 60 300 < 429 199 
Fuel form UO2 U-Zr U-10Zr UO2, PuO2 
Fuel enrichment (wt%) 19.6 - 12.1 - 
Coolant Sodium Sodium Sodium Sodium 
Primary circulation Forced Forced Forced Forced 
System pressure 
Low pressure 
operation 
Non-
pressurized 
- 
Low pressure 
operation 
Reactivity control 
Compensation, 
regulation and safety 
subassemblies 
Regulation, 
safety 
assembly 
Regulation, 
safety 
assembly 
Rod insertion 
Cladding and duct Cr-Ni HT-9 HT-9 20% CW D9 
Core inlet temperature (oC) 360 355 427 397 
Core outlet temperature (oC) 530 510 577 547 
Maximum Neutron flux 
(#/cm2s) 
3.7×1015 <1×1016 9.4×1014 8×1015 
Nominal linear pin power 
(W/cm) 
430 - 82.1 318 
Discharge Burnup 
(GWd/MTU) 
60~100 - 107.9 100 
 
As the results of various small sized fast reactor studies and some calculations, 50~100 MWe power 
level is reasonable in terms of physical and economical perspectives. It is 125~250 MWth by 
considering 40% thermal efficiency. The relationship between the core size and the economic feasibility 
should be considered to determine the power level. Core barrel size should be less than 3 m in diameter 
and 15 m for height to ensure the transportability and modularity. If thermal components are designed 
to be in vessel, it has to contain steam generator, pump, sodium pool, control rod, and reactor core so 
the size of reactor core barrel has to be less than 2 m in diameter, less than 4 m for height. Considering 
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economic feasibility, 30 years of operation without fuel shuffling or refueling can be competitive against 
large reactors. 
The target ranges of core design parameters are provided in Table 5.8. The diameter of core barrel is 
limited to 3 m for modular manufacturing and transportation, which consequently determines the 
number of assemblies and their pitch. Coolant inlet and outlet temperature, fuel form, the mechanical 
properties of each material were obtained from the fast reactor experiences. In order to enhance the 
inherent safety feature, U-Zr binary fuel was selected. Fission gas vented fuel concept is adopted for 
this core to achieve the long-cycle operation that the fission gases are directly released to the primary 
coolant during the operation [68]. With this venting device, the stresses caused by the fission gas buildup 
can be maintained at a low level at high burnups, which prevents the deformation of the cladding during 
long-cycle operation and the upper gas plenum region can be designed to be a small region [69]. Power 
density is related to the depletion characteristic of the core, temperature distribution, cycle length, core 
compactness, etc. The target range of power density was determined to be high for core compactness, 
but sufficiently low to increase the cycle length.  
 
Table 5. 8. Ranges of core design parameters. 
 
Parameter Value 
Thermal power [MW] 222~260 
Thermal efficiency [%] 38.5~45 
Core barrel diameter [m] < 3 
Reactor inlet temperature [ºC] 355~395 
Reactor outlet temperature [ºC] 510~550 
Fuel form U-Zr 
Cladding material HT-9 
Fission gas emission Venting 
Fuel enrichment [%] < 20 
Average burnup [at%] > 10 
Average volumetric power density [kW/l] > 30 
Maximum fast neutron fluence [#/cm2] < 8×1023 
Reactivity swing [$] < 1 
 
5.2 Core Design Study 
 
5.2.1 Pin & assembly design parameter 
 
With those ranges of core design parameters in previous section, a scoping analysis was performed and 
some appropriate assembly design parameters have been drawn. In order to ensure a sufficient thermal 
margin, simplified single-channel analysis was performed and the results with the power density of 65.5 
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kW/l and 57.3 kW/l are summarized in Table 5.9. To evaluate and compare the thermal characteristics 
of the fuel assembly regarding the fuel pin and assembly design parameters, the number of the pins, the 
diameter of the pins, the arrangement of the assemblies, the number of the assemblies, and the assembly 
pitch were varied while the parameters related to material properties were fixed. The fuel volume 
fraction was also maintained for every case as near 60 % including bond volume fraction. Cases 1~4 
have ten rows of assemblies in the core, and their assembly pitch was decided for the core barrel 
diameter not to exceed 3 m. There are 37, 91, 169, and 271 pins for cases 1~4 respectively, and the 
diameter of the fuel pin decreases as the number of pins increases in order to maintain the fuel volume 
ratio. The peak values for linear power density, clad temperature, fuel centerline temperature, and pin 
pressure drop were calculated for each case. Case 5 and Case 6 have twelve rows of assemblies in the 
core and they have same variation trend with former cases of ten rows. The criteria for choosing the 
final assembly design considers whether the peak linear power density exceeds the linear power density 
limit and whether the pin bundle pressure drop is adequate or not. The table shows a trend that the 
decrease of peak linear power density and peak temperatures, and the increase of peak pressure drop 
according to the increase of the number of pins, and that every case satisfies the linear power density 
limit. This is due to that the linear power density limit is proportional to the average linear power density 
as well as the peak linear power density because the linear power density limit was calculated with the 
fixed temperature difference between the coolant inlet and clad limit as shown in Equation 5.1~5.3. 
Heat transfer between clad and coolant is described by Newton’s law of cooling as 
 
        bTzTzhzq bc                       (Eq. 5. 1) 
 
where  
h : Convective heat transfer coefficient, 
cT : Clad outer surface temperature, 
bT : Bulk coolant temperature. 
 
The peak temperature at the cladding inner surface can be found in the axial temperature profile and it 
is described as 
 
      s s c s c s cladT z T z r q z f                      (Eq. 5. 2) 
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where 
sT : Peak clad inner surface temperature, 
T : Clad outer surface temperature, 
sz : The location where the peak temperature occurs, 
cr : Thermal resistance of clad, 
cladf : Clad hot channel factor. 
 
Thus the peak linear power density limit can be obtained by applying the fuel-clad eutectic temperature 
as a peak clad inner surface temperature and applying the coolant inlet temperature as a clad outer 
surface temperature. The equation 5.2 can be re-written as equation 5.3 with the two thermal constants 
and the two temperature variables so that the maximum power density is calculated by applying the 
numbers. 
 
 limmax
1
  s in
c clad
q T T
r f
                       (Eq. 5. 3) 
 
where 
maxq : Maximum (limit) power density, 
lim
sT : The fuel-clad eutectic temperature, 
inT : Coolant inlet temperature. 
 
However, it is possible that the peak linear power density becomes larger than linear power density limit 
when the power peak factor is too high so it is necessary to confirm the peak linear power density with 
the power peak factor applied.  
Similarly, the allowable maximum linear power density is also constrained by the fact that the fuel 
centerline temperature should be lower than the fuel melting temperature. For here, it was confirmed 
that the limit of the allowable maximum linear power density from the clad-fuel eutectic temperature is 
lower than that from the fuel temperature. 
Due to the relatively low power density, the cladding inner surface temperature and the fuel centerline 
temperature are lower than their design limits for every case. It is noted that the limit of cladding inner 
wall temperature was assumed to be 650 ºC to avoid eutectic formation. The pressure drop of case 4 
and case 6 exceeds 40 psi which is a general deign limit of small size fast reactor such as MONJU, 
JOYO, CEFR, and SVBR. Case 2 is the most desirable design for it has relatively low clad inner surface 
temperature, low fuel centerline temperature, and low pin bundle pressure drop at the same time. Case 
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5 is also good candidate design but Case 2 has higher power density than that of Case 5. 
 
Table 5. 9. Assembly design parameters. 
 
Parameter Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 
Pin data       
 - Fuel material and type U-10Zr U-10Zr U-10Zr U-10Zr U-10Zr U-10Zr 
 - Bond material Na Na Na Na Na Na 
 - Active core height (cm) 100 100 100 100 100 100 
 - Smeared density (%TD) 75 75 75 75 75 75 
 - Clad outer diameter 2.28 1.49 1.12 0.91 1.24 0.94 
 - Pin pitch-to-diameter ratio 1.075 1.075 1.075 1.075 1.075 1.075 
 - Cladding thickness (cm) 0.050 0.050 0.050 0.050 0.050 0.050 
Assembly data       
 - Number of pins 37 91 169 271 91 169 
 - Assembly pitch (cm) 16.5 16.5 16.5 16.5 13.5 13.5 
 - Inter-assembly gap (cm) 0.30 0.30 0.30 0.30 0.30 0.30 
 - Duct thickness (cm) 0.30 0.30 0.30 0.30 0.30 0.30 
 - Number of rows 10 10 10 10 12 12 
 - Number of assemblies 144 144 144 144 246 246 
Volume fraction at fabrication (%)       
 - Fuel 43.9 43.9 43.9 44.4 44.1 44.5 
 - Bond 14.6 14.6 14.6 14.8 14.7 14.8 
 - Structure 12.6 16.1 19.7 23.5 19.8 24.4 
 - Coolant 28.8 25.4 21.8 17.2 21.4 16.3 
Average characteristic       
 - Power density (kW/1) 65.5 65.5 65.5 65.5 57.3 57.3 
 - Linear power density (kW/m) 42.3 17.2 9.3 5.8 10.1 5.4 
 - Burnup (GWd/MTU) 122.3 122.3 122.3 122.3 122.3 122.3 
Peak characteristic       
 - Linear power density (kW/m) 64.2 26.1 14.1 8.8 15.3 8.2 
 - Coolant temperature (ºC) 545.9 545.9 545.9 545.9 545.9 545.9 
 - Clad inner surface temperature (ºC) 570.8 557.3 552.5 550.2 552.5 549.7 
 - Fuel centerline temperature (ºC) 854.6 643.6 588.3 570.2 592.6 568.5 
 - Pin bundle pressure drop (psi) 1.6 4.6 12.4 41.6 10.2 47.3 
 - Linear power density limit (kW/m) 87.8 38.1 21.0 13.3 22.8 12.5 
 
5.2.2 Core design parameter 
 
The core design optimization process starts from the initial 5 types of SM-SFR core design that have 
different breed-and-burn strategies. In order to satisfy the SMR criteria, the core diameter needs to be 
smaller than 300 cm. The 280 cm diameter by 100 cm height core contains 144 fuel assemblies, 102 
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reflector assemblies, and 7 control assemblies. The fuel zone is divided into low enriched uranium (LEU) 
and blanket regions. The enrichment of LEU region was determined by making initial excess reactivity 
smaller than 500 pcm. The natural uranium was used for the fuel material of the blanket. There are two 
types of control assemblies. The first type is a primary control assembly that is used for the reactivity 
control during operation, and the second type is a secondary control assembly that is composed of 
enriched 10B for reactor shutdown. Figure 5.2 shows the radial layout of the reactor core. 
 
 
 
Figure 5. 2. Radial layout of reactor core. 
 
The assemblies in the core are separated into three types; driver, reflector, and control assembly. The 
fuel assembly contains 91 fuel pins for each and it is enclosed by the structure material. The fuel material 
is U-10Zr and the material for the cladding and the structure is HT-9. Because the fast spectrum reactor 
has higher fast neutron fluence than the usual PWR, the cladding and the structure material will 
experience a strong irradiation. HT-9 is a good candidate material for the reactor core in those hard 
condition due to its excellent thermal conductivity and irradiation resistance. The swelling resistance 
and adequate high-temperature properties of HT-9 have been confirmed in various irradiation 
experiments [70]. Sodium is filled in the gap between the fuel and clad at the initial core loading state 
as well as a coolant material. Table 5.10 represents the assembly design parameter including the 
assembly data, pin data, and volume fraction at fabrication. 
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Table 5. 10. Assembly design parameter for SM-SFR core. 
 
 Driver Reflector Control 
Assembly data    
  - Number of pins 91 91 7 
  - Assembly pitch, cm 16.5 16.5 16.5 
  - Inter-assembly gap, cm 0.30 0.30 0.30 
  - Duct thickness, cm 0.30 0.30 0.30 
  - Gap duct and interior duct, cm - - 0.40 
  - Interior duct thickness, cm - - 0.30 
  - Interior duct inside flat-to-flat, cm - - 14.2 
Pin data    
  - Pin material and type U-10Zr HT-9 B4C 
  - Bond material Na - He 
  - Active core height, cm 100 - - 
  - Smeared density, %TD 75 - 85 
  - Cladding material HT-9 - HT-9 
  - Clad outer diameter, cm 1.49 1.611 5.01 
  - Pin pitch-to-diameter ratio 1.075 - 1.028 
  - Cladding thickness, cm 0.050 - 0.070 
Volume fraction at fabrication, %    
  - Fuel or Absorber 43.9 - 46.9 
  - Bond 14.6 - 8.3 
  - Structure 16.1 85.7 16.7 
  - Coolant 25.4 14.3 28.1 
 
5.2.3 Breed-and-burn strategy 
 
Four core design cases were designed to draw an optimized core breeding concept by the variation from 
the reference core that they have different breeding directions and depletion characteristics. 
Subsequently, a sensitivity study and an evaluation of the core design parameters were performed to 
assess the performance of the four core designs and find the optimized parameters possible for the 
optimized core design concept. It is not impossible for the core to breed only by fissile material as in 
AFR-100 but it is required to load blanket to utilize PWR SF. On the contrary, UCFR-100, also a small 
size sodium-cooled fast reactor with a power level of 260 MWth, is a combination of with UCFR-1000 
and SMR concept but this model is hardly transportable because of its 4.3 m diameter that it operates 
only by natural uranium blanket along the axial direction. Thus, an appropriate distribution for the fuel 
and blanket is essential process for this core design. Figure 5.3 shows the side-view of the fuel 
distribution for the five core types including a reference core. All the analyzed cores are SMRs with the 
power level of 260 MWth. Each core type has different breeding behaviors caused by the position and 
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size of the blanket region, and the uranium enrichment in the fuel pin varies depending on the core type.  
 
(1) Uniform enrichment core 
The first core model does not adopt a breed-and-burn concept, as shown in Type 01 of Figure 5.3. A 
single kind of fuel is loaded and its enrichment is 11.3%. This core is a reference model among the five 
test core models.  
(2) Onion zoning core 
The second core model is an Onion zoning core as shown in Type 02 of Figure 5.3. The active core 
moves to the center of the core as burnup proceeds. The blanket region is located at the center of the 
core and the burner region surrounds it. The enrichment of the burner region is 12.6%. 
(3) Axial breeding core 
The third core model is as shown in Type 03 of Figure 5.3. The active core moves axially from bottom 
to top. This core is based on the CANDLE reactor, thus the blanket region is located at the top of the 
core. The enrichment of the burner is 13.5%. 
(4) Axial-dual breeding core 
The fourth core model is as shown in Type 04 of Figure 5.3. The active core moves from two regions, 
the top and the bottom, to the center. The blanket region is located at the middle of the core. The 
enrichment of the burner is 19.5%. 
(5) Radial breeding core 
The fifth core model is as shown in Type 05 of Figure 5.3. The active core moves radially to the center 
of the core. The blanket region is located at the center of the core. The enrichment of the burner is 
13.3%. 
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Figure 5. 3. Axial fuel distribution of five types of core. 
 
The first core type is a uniform enrichment core. All the fuel assemblies have the same material 
compositions. The 11.3% enriched uranium is used in the fuel material of U-10Zr. The second core type 
is an onion zoning core. The fuel of the LEU region uses 12.6% enriched U-10Zr. The natural uranium 
blanket region is located at the center of the core. Through the depletion, the blanket region will turn 
into an active core. The third core type is an axial breeding core which originated from the CANDLE 
reactor. The blanket region is located at the top of the core, so the active core can move to the upper 
core zone. The fuel of the LEU region is a 13.5% enriched U-10Zr. The fourth core type is an axial-
dual breeding core. The blanket region is located at the center of the core, axially enclosed by the top 
and bottom LEU regions. The fuel of the LEU region is 19.5% enriched U-10Zr. The last core type is a 
radial breeding core. The fuel assemblies at the second and third rings are the blanket. The blanket 
region is radially enclosed by the 13.3% enriched LEU region in the outside rings. At the beginning of 
the core lifetime, active cores are formed in the LEU regions. The active cores gradually move to the 
blanket regions along with the core operations.  
Burnup calculation was performed for five cores and neutron balance, kinetics and reactivity feedback 
coefficients were measured. The optimal breed-and-burn concept has been drawn by comparing the 
breeding characteristics of each core. 
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(1) k-effective vs. burnup 
Figure 5.4 shows the effective multiplication factor behaviors over 30 years of depletions for each core 
type. As a reference core type, Type 1 core, i.e., the uniform enrichment core shows a cosine shape 
trend of the effective multiplication factor. The cycle length of the reference core is 23 years, so the 
target cycle length is not satisfied. By inserting the blanket fuels into the center region of the core, the 
initial steep rise of the multiplication factor can be mitigated and the lifetime of the onion zoning core 
can be extended to about 30 years. The cycle length of the onion zoning core is 6 years longer than that 
of the reference core, however, the reactivity swing is large as 2,000 pcm. Because the SMR core has a 
small size reactivity control system, the reactivity swing should be small as possible. Both the axial 
breeding core and the axial-dual breeding core become subcritical state right after the BOC. The keff of 
the axial breeding core decreases through the depletion while the keff of the axial-dual breeding core 
increases after 15 years. The burner of the axial breeding core is placed at the bottom of the core 
therefore neutron leakage is large at BOC. The neutron leakage does not decrease much as depletion 
proceeds and the amount of fertile is not enough to satisfy criticality by breeding, so its keff does not 
increase again. On the other hand, the burner of the axial-dual breeding core is placed at both the top 
and the bottom of the core so the active core moves to the middle of the core. keff could increase from 
the MOC. The type 5 core, i.e., the radial breeding core, shows almost flat effective multiplication factor 
behaviors and the reactivity swing is around 500 pcm while its cycle length is similar to that of the 
reference core.  
It was noted that the breeding behavior of onion zoning core can make a lifetime longer, and that of the 
radial breeding core can make the trend of the multiplication factor as flat in shape. Therefore, the new 
core is created by combining the onion zoning core with the radial breeding core to achieve the 30 years 
lifetime with a small reactivity swing. 
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Figure 5. 4. Effective multiplication factors during 30 years. 
 
(2) Breeding ratio vs. burnup 
Figure 5.5 shows the breeding ratio change during the 30-year depletion. The breeding ratio was 
calculated with the change of number density of 235U and 239Pu. The breeding ratio increases during the 
depletion and their values are from 0.7 to 0.9 except the axial breeding core. 
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Figure 5. 5. Breeding ratio vs. burnup. 
 
(3) Power distribution 
The power distribution of each core is shown in Figures 5.6~5.10. These figures show if the breed-and-
burn concept was adopted well or not. There is no blanket region in the reference core, therefore the 
power shape is a cosine shape with the center peaked power. In case of the onion zoning core, the active 
core moves from the peripheral region to the center of the core during depletion, and the breed-and-
burn concept is noticeable till the EOC. In case of the axial-dual breeding core, the power at the bottom 
is higher than that of the top because there is an axial reflector at the bottom of the core that keeps 
neutrons from axial leakage. The active core of the radial breeding core also moves into the core center. 
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Figure 5. 6. The power distribution of the reference core for 30 years. 
 
 
 
Figure 5. 7. The power distribution of the onion zoning core for 30 years. 
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Figure 5. 8. The power distribution of the axial breeding core for 30 years. 
 
 
 
Figure 5. 9. The power distribution of the axial-dual core for 30 years. 
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Figure 5. 10. The power distribution of the radial breeding core for 30 years. 
 
(4) Major actinide mass change  
Table 5.11 shows the mass change of major fission isotopes and the initial core loading of each core can 
be distinguishable.  
 
Table 5. 11. Mass change of fission isotopes at BOC, MOC and EOC (kg). 
 
Mass flow 232Th 233U 235U 238U 239Pu 240Pu 241Pu 
1 
BOC - - 402 3,150 - - - 
MOC - - 213 2,910 142 8 - 
EOC - - 114 2,660 205 23 2 
2 
BOC - - 427 3,130 - - - 
MOC - - 231 2,890 141 7 - 
EOC - - 126 2,650 204 22 2 
3 
BOC - - 298 3,260 - - - 
MOC - - 128 2,990 148 9 - 
EOC - - 60 2,720 213 27 2 
4 
BOC - - 426 3,130 - - - 
MOC - - 231 2,890 140 8 - 
EOC - - 131 2,650 204 23 2 
5 
BOC - - 417 3,140 - - - 
MOC - - 221 2,900 143 7 - 
EOC - - 120 2,650 208 23 2 
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(5) Neutron balance 
Tables 5.12~5.16 show the neutron balance of each core at BOC, MOC and EOC. The initial amount 
of 235U in onion zoning core is larger than that of the reference core; therefore the relative fission rate 
of 235U in the onion zoning core is higher than that of the reference core and the relative fission rate of 
238U in the onion zoning core is lower than those in the reference core. On the other hand, the amount 
of transmutation into Pu is lower because of the small initial amount of 238U and different fertile fission 
bonus in the onion zoning core. In case of the axial breeding core, the initial amount of 235U is the 
smallest among the five cores, so the η and relative fission rate of both 238U and TRU is the highest. 
The burner of the axial-dual breeding core and that of the radial breeding core are located in the 
peripheral region of the core so initial neutron leakage is large but decreases according to the movement 
of the active core. 
 
Table 5. 12. Neutron balance at BOC, MOC and EOC of the reference core. 
 
Type 1 BOC MOC EOC 
Core multiplication factor, keff 1.006 1.013 0.976 
Number of neutron per fissile absorption, η 2.020 2.235 2.360 
Normalized reaction rate 
Absorption total 0.747 0.752 0.773 
Fissile 0.503 0.456 0.419 
Fertile 0.141 0.142 0.143 
Other 0.103 0.154 0.211 
Leakage 0.253 0.248 0.227 
Relative fission rate 
235U 0.801 0.442 0.240 
238U 0.165 0.165 0.162 
TRU 0.034 0.393 0.599 
 
Table 5. 13. Neutron balance at BOC, MOC and EOC of the onion zoning core. 
 
Type 2 BOC MOC EOC 
Core multiplication factor, keff 1.005 1.018 0.990 
Number of neutron per fissile absorption, η 2.021 2.220 2.352 
Normalized reaction rate 
Absorption total 0.744 0.750 0.773 
Fissile 0.501 0.461 0.426 
Fertile 0.137 0.140 0.142 
Other 0.106 0.149 0.205 
Leakage 0.256 0.250 0.227 
Relative fission rate 
235U 0.810 0.470 0.255 
238U 0.161 0.163 0.159 
TRU 0.029 0.367 0.585 
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Table 5. 14. Neutron balance at BOC, MOC and EOC of the axial breeding core. 
 
Type 3 BOC MOC EOC 
Core multiplication factor, keff 1.001 0.966 0.939 
Number of neutron per fissile absorption, η 2.036 2.289 2.415 
Normalized reaction rate 
Absorption total 0.759 0.752 0.773 
Fissile 0.498 0.425 0.394 
Fertile 0.139 0.145 0.148 
Other 0.123 0.182 0.230 
Leakage 0.241 0.248 0.227 
Relative fission rate 
235U 0.794 0.350 0.143 
238U 0.164 0.174 0.171 
TRU 0.042 0.476 0.686 
 
Table 5. 15. Neutron balance at BOC, MOC and EOC of the axial-dual breeding core. 
 
Type 4 BOC MOC EOC 
Core multiplication factor, keff 1.002 0.994 0.984 
Number of neutron per fissile absorption, η 2.041 2.230 2.358 
Normalized reaction rate 
Absorption total 0.736 0.737 0.768 
Fissile 0.494 0.448 0.422 
Fertile 0.123 0.136 0.142 
Other 0.118 0.153 0.204 
Leakage 0.264 0.263 0.232 
Relative fission rate 
235U 0.822 0.457 0.245 
238U 0.150 0.162 0.159 
TRU 0.028 0.381 0.595 
 
Table 5. 16. Neutron balance at BOC, MOC and EOC of the radial breeding core. 
 
Type 5 BOC MOC EOC 
Core multiplication factor, keff 1.002 1.000 0.988 
Number of neutron per fissile absorption, η 2.026 2.222 2.360 
Normalized reaction rate 
Absorption total 0.740 0.742 0.769 
Fissile 0.499 0.452 0.423 
Fertile 0.136 0.139 0.143 
Other 0.106 0.151 0.203 
Leakage 0.260 0.258 0.231 
Relative fission rate 
235U 0.811 0.465 0.239 
238U 0.161 0.165 0.161 
TRU 0.028 0.369 0.599 
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(6) Neutron kinetics parameter and reactivity feedback coefficient 
Tables 5.17 and 5.18 summarize the neutron kinetics parameter and the reactivity feedback coefficient 
of each core at the BOC and the EOC. The sodium void worth was calculated by voiding the flow 
sodium in the active core region and the sodium above the fuel pin which was pushed out by the fuel 
swelling. The sodium density coefficient was calculated with the reactivity change by 1% amount of 
sodium decrease in the fuel assembly including the venting region. The Doppler coefficient was 
calculated from the reactivity change by the fuel temperature increase of 700 K. It is noticeable that the 
sodium void worth was negative at the initial core but it became less negative or even positive as the 
active core moves to the center region and the plutonium is produced.  
 
Table 5. 17. Neutron kinetics parameter and reactivity feedback coefficient at BOC. 
 
BOC Type 1 Type 2 Type 3 Type 4 Type 5 
Effective delayed neutron fraction 0.00717 0.00718 0.00720 0.00719 0.00720 
Prompt lifetime μsec 0.284 0.289 0.253 0.281 0.273 
Sodium void worth $ -3.007 -2.912 -1.292 -2.830 -2.986 
Sodium density coefficient pcm/% -9.716 -10.113 -4.029 -17.642 -10.366 
Doppler coefficient pcm/K -0.328 -0.321 -0.275 -0.263 -0.296 
 
Table 5. 18. Neutron kinetics parameter and reactivity feedback coefficient at EOC. 
 
EOC Type 1 Type 2 Type 3 Type 4 Type 5 
Effective delayed neutron fraction 0.00425 0.00429 0.00396 0.00419 0.00427 
Prompt lifetime μsec 0.246 0.246 0.246 0.248 0.247 
Sodium void worth $ 0.034 -0.156 0.972 -0.386 -0.040 
Sodium density coefficient pcm/% 9.920 9.149 12.186 8.681 9.423 
Doppler coefficient pcm/K -0.231 -0.229 -0.254 -0.237 -0.242 
 
5.2.4 Sensitivity study of breed-and-burn strategy 
 
Onion zoning core (Type 2) has high neutron leakage but has a long life time with a large reactivity 
swing. Axial-dual breeding core (Type 4) cannot remain in a critical state but the breeding potential is 
noticeable because of the neutron leakage decrease as the core burns. The reactivity swing of the radial 
breeding core (Type 5) is less than 500 pcm which is the smallest value among the five cores. In this 
section, a breed-and-burn strategy, that is to be applied to the SM-SFR, is optimized by combining the 
proposed breed-and-burn models. Table 5.19 shows the combination cases of the breed-and-burn 
models. 
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Table 5. 19. Combination cases of breed-and-burn cores. 
 
Base 
Type 
Type 
Index 
Comment Blanket ring 
Blanket 
height 
Enrichment 
- 
5 Radial breeding 2,3 100cm 13.3% 
2 Onion zoning 2,3 40cm 12.6% 
4 Axial-dual breeding 2,3,4,5,6,7,8 40cm 19.3% 
5 11 More enriched Case 5 2,3 100cm 13.5% 
2+5 
12 
Axially longer Case 2 
2,3 60cm 13.0% 
13 2,3 80cm 13.2% 
2+4 
14 
Radially longer Case 2 
2,3 40cm 13.7% 
15 2,3,4 40cm 14.9% 
13 
16 
Radially broad & 
Axially longer Case 2 
2,3,4 60cm 15.0% 
17 2,3,4 80cm 16.0% 
14 
18 2,3,4,5 60cm 16.0% 
19 2,3,4,5 80cm 17.0% 
 
(1) Sensitivity analysis along the enrichment of Radial breeding core 
Radial breeding core has a small reactivity swing and similar length of lifetime as a uniform enrichment 
core. In this sensitivity analysis, the core life time was increased by increasing the enrichment of the 
radial breeding core. Figure 5.11 shows the effective multiplication factor of Type 5 core (radial 
breeding core) and Type 11 core. By increasing the enrichment from 13.3% to 13.5%, core life time 
increases by 4 years, but the reactivity swing increases by 1000 pcm, too. Therefore, more enriched 
radial breeding core cannot satisfy the goal of SM-SFR. 
 
(2) Sensitivity analysis for area or height of blanket region in Onion zoning core 
Figure 5.12 represents the effective multiplication factor of Type 12 core to Type 15 core. Sensitivity 
analysis was performed by increasing the area or height of the blanket region in the onion zoning core. 
Type 12 and 13 cores were designed by combining the onion zoning core with the radial breeding core, 
thus combining long lifetime and small reactivity swing. Type 14 and 15 cores were designed by 
combining the onion zoning core with an axial-dual breeding core. The reactivity swing is getting 
smaller as the height of the blanket region is longer. For Type 13, the reactivity swing is approximately 
0.6 $ and core life time is 25 years so this core satisfies the design goal. Type 14 and 15 core satisfy the 
goal of a 30 years core lifetime, but the reactivity swing is larger than 1 $. 
 
83 
 
 
 
Figure 5. 11. Effective multiplication factor of enrichment changed cases from Radial breeding core. 
 
  
 
Figure 5. 12. Effective multiplication factor for diameter or height changed cases from Type 02 core 
(left), geometry variation from Type 02 core (right). 
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(3) Sensitivity analysis for area and height of blanket region in Onion zoning core 
Same blanket region variation was performed but both area and height of the blanket region were 
changed simultaneously. Figure 5.13 shows that the effective multiplication factors of Type 16 core to 
Type 19 core. Type 16 and Type 17 core were designed by increasing the height of the blanket region 
of Type 14 core, and Type 18 and Type 19 core were designed by increasing the height of the blanket 
region of Type 15 core. Type 16 and Type 17 core have a large reactivity swing, of more than 2000 pcm. 
Because Type 18 and 19 core are affected by the axial-dual breeding core, effective multiplication 
factors trend are similar to those of the with axial-dual breeding core. 
 
  
 
Figure 5. 13. Effective multiplication factor for diameter and height changed cases from Type 02 core 
(left), geometry variation from Type 02 core (right). 
 
(4) Adding blanket region at the outer ring of core 
To test the impact of the outmost layer, the driver fuel assemblies in the outmost layer are replaced by 
blanket assemblies as shown in Figure 5.14. Figure 5.15 shows the effective multiplication factor during 
depletion when the core has one more row in the blanket region. The blanket region was added to 
decrease the neutron leakage at BOC before the active core moves to the center of the core. With 
additional blanket loading, the enrichment of the ignition region decreased to keep the amount of 235U 
unchanged. As a result, the core life time was decreased from that of Type 13 core. 
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Figure 5. 14. Assembly change to test the sensitivity of outmost layer. 
 
 
 
Figure 5. 15. Effective multiplication factor of blanket addition at outer ring case from Type 13 core. 
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Figure 5. 16. Assembly change to test the sensitivity of enrichment in outer fuel region. 
 
 
 
Figure 5. 17. Effective multiplication factor of the cases with enriched uranium addition at outer ring 
of Type 13. 
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(5) Adding enriched uranium region at the outer ring of core 
Figure 5.16 shows the change of enrichment in outer region to test the sensitivity of the fuel enrichment. 
Figure 5.17 shows the effective multiplication factor during depletion for the cases of adding enriched 
uranium region at the outer ring of the core. In the case of adding 13.8% enriched uranium, the reactivity 
swing was decreased while the life time is similar. However, this difference is not so economical due to 
the increase in loading costs related to multiple enrichment. 
 
5.3 Final Core Design 
 
A new core design is selected by adopting the two kinds of breeding strategies to achieve the 30 year 
lifetime and small reactivity swing. The fuel assemblies of the new core design adopt the same assembly 
design parameters which are used for the five cores. The blanket region of the selected core is located 
at the center region rings 2 and 3, with 80 cm height. The enrichment of LEU region is 13.2 %. The size 
of the blanket and the enrichment of LEU are optimized through detailed sensitivity analyses of the 
multiplication factor behaviors over depletion for many different combinations. The test cases include 
several variations of LEU enrichments, and the locations and sizes of blanket regions. Figure 5.18 shows 
the radial and axial layouts of the selected core. 
 
 
 
Figure 5. 18. Radial and axial core configuration for suggested core design. 
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Figure 5. 19. 2-D schematic for the SM-SFR whole reactor system component. 
 
Figure 5.19 shows the whole reactor system configuration including the secondary system in 2-D 
schematic diagram and Figure 5.20 shows the components in the reactor vessel in 3-D. The 
configuration of the SM-SFR is common pool type reactor but the arrangement of the components in 
the reactor vessel is similar to that of the SMART.  
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Figure 5. 20. 3-D schematic for the SM-SFR in-vessel components. 
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VI. PERFORMANCE EVALUATION OF SM-SFR 
 
 
6.1 Depletion Behavior 
 
6.1.1 Multiplication factor 
 
Figure 6.1 shows the core multiplication factor behavior. Because the REBUS-3 code does not model 
the core geometry variations over the depletion, the core depletion analysis was performed with the 
geometry of fuel swelling already considered. It was noted that the selected final core can maintain 
criticality up to 28.5 years by employing the extended onion zoning. At the BOC, the unique zoning 
strategy with the blanket region at the core center causes higher neutron leakages and, therefore, the 
core starts with a smaller effective multiplication factor than the onion zoning core. As the active core 
moves into the center due to the high breeding at the blanket region, the core can maintain criticality 
for a longer time than the radial breeding core, without refueling.  
 
 
 
Figure 6. 1. Core effective multiplication factor behavior. 
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6.1.2 Conversion ratio 
 
Figure 6.2 shows the core breeding ratio behavior during the core lifetime. In this study, the breeding 
ratio is defined by the ratio of the fissionable material mass at discharge to the mass at charge. Along 
the depletion, the breeding occurs at the blanket region, and the active core moves into the center of the 
core. This active core movement causes the flux to become denser at the center, and it causes more 
breeding. Because the transuranic materials have a η value, i.e., the number of fission neutrons produced 
per a fissile absorption, greater than one, the core may maintain criticality with a fissile conversion ratio 
of less than one.  
 
 
 
Figure 6. 2. Core breeding ratio behavior. 
 
6.1.3 Mass flow 
 
Table 6.1 provides the mass flow of the major fuel isotopes at the BOC, MOC, and EOC. The initial 
heavy metal loading is 21 t and it yields a specific power density of 12.4 MW/t. During the 30-year 
depletion, 0.3 tons of 235U and 0.5 tons of 238U are consumed. The consumed 238U is bred to the fissile 
239Pu, which leads the core to keep the criticality. The average discharge burnup of the core is 12.9 %. 
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Table 6. 1. Mass flow of major isotopes (kg). 
 
 BOC MOC EOC 
  235U 2,547 1,361 727 
  238U 18,529 17,120 15,690 
  239Pu - 854 1,249 
  240Pu - 42.1 132.7 
  241Pu - 1.56 9.12 
 
6.1.4 Power distribution 
 
Figure 6.3 shows the developments of normalized power distributions during the core lifetime. The red 
color represents high power region and the green color means the low power region. Due to the bottom 
reflector and the upper venting region with a higher portion of sodium, the power peak is inclined to 
the bottom. As shown in this figure, the active core completely moves from the periphery at BOC to the 
center of core at EOC. And Figure 6.4 shows the axial power distributions of the active core at BOC, 
MOC, and EOC. Because the blanket region is located at the center of the core, the active core does not 
move axially and the axial power distributions are almost a standing shape. 
 
 
 
Figure 6. 3. The normalized power distribution during depletion calculation. 
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Figure 6. 4. The axial power distribution at BOC, MOC, and EOC. 
 
6.1.5 Neutron balance 
 
Table 6.2 presents the neutron balance summary at the BOC, MOC, and EOC. The reaction rates are 
normalized to 1.0. The η-value increases from 2.023 to 2.355 along the depletion because of the 
increased fission contributions from the 239Pu which is produced by the 238U breeding. The neutron 
leakage decreases as much as 3% because the active core moves into the core center region. At the same 
time, the absorption contribution increases due to the fission product buildup. Because the relative 
fission rate at the BOC was obtained after the first-step depletion calculation, the fission rate of TRU at 
the BOC is not zero. The relative fission rate of 235U decreases as burnup proceeds and that of the 
transuranic fissile material increases along the transuranic isotope buildup over the reactor operation 
time while the fission fraction of 238U stays nearly constant. 
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Table 6. 2. Summary of neutron balances. 
 
 BOC MOC EOC 
  Core multiplication factor, keff 1.00373 1.00761 0.99735 
  Number of neutron per fissile absorption, η 2.023 2.215 2.355 
  Normalized reaction rate 
 Absorption total 0.741 0.745 0.771 
   -Fissile 0.500 0.457 0.428 
   -Fertile 0.135 0.139 0.143 
   -Other 0.106 0.149 0.199 
Leakage 0.259 0.255 0.229 
  Relative fission rate 
235U 0.813 0.477 0.251 
238U 0.160 0.164 0.160 
TRU 0.027 0.358 0.588 
 
6.1.6 Kinetics parameters and reactivity feedback coefficients 
 
Table 6.3 presents the kinetics parameters and reactivity feedback coefficients calculated by direct 
reactivity subtraction of perturbed case or by using the PERSENT code for BOC, MOC, and EOC. The 
effective delayed neutron fraction decreases as the burnup increases due to the fuel composition change 
from uranium to a mixture of uranium and plutonium. Sodium void worth calculation was conducted 
by voiding 85% of the sodium to void only coolant sodium and except the bonding sodium in the upper 
region of the fuel pin. The sodium void worth for the whole core voiding condition is always negative 
throughout the core lifetime due to the large neutron leakage associated with the small core size. As the 
burnup continues, the leakage decreases according to the propagation of the active core, and the sodium 
void worth becomes less negative. The sodium void worth of the condition of the active core voiding 
only is less negative than that of the whole core, and this is especially apparent at BOC in which the 
amount of the neutron leakage is the largest. Even it becomes positive value as burnup proceeds due to 
the leakage decrease and TRU builds up. The radial and axial expansion coefficients for every state are 
negative values, which contributes to the inherent safety of the core dominantly. The radial expansion 
coefficient value is larger than the axial expansion coefficient, which is the general fast reactor 
characteristics because the radial expansion is influenced by the lower structure part of stainless steel 
while the axial expansion is caused by the clad of HT-9. The primary control rod worth is large enough 
to control the excess reactivity during the operations even with the small number of control assemblies 
due to the low reactivity swing but the secondary rod system is needed to be optimized to have more 
worth for BOC.  
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Table 6. 3. Kinetics parameters and reactivity feedback coefficients. 
 
 BOC MOC EOC 
Effective Multiplication Factor, keff 1.00373 1.00761 0.99735 
Effective Delayed Neutron Fraction, βeff 0.00719 0.00535 0.00428 
Prompt Lifetime μsec 0.279 0.267 0.245 
Sodium Void Worth (whole core) $ -2.160 -0.819 -0.559 
Sodium Void Worth (active core) $ -1.128 0.405 1.875 
Fuel Density Coefficient ¢/ºC -0.173 -0.230 -0.298 
Structure Density Coefficient ¢/ºC 0.011 0.030 0.046 
Sodium Density Coefficient ¢/ºC -0.043 0.011 0.070 
Doppler Coefficient ¢/ºC -0.042 -0.051 -0.051 
Radial Expansion Coefficient ¢/ºC -0.236 -0.303 -0.358 
Axial Expansion Coefficient ¢/ºC -0.147 -0.167 -0.186 
Primary Control Rod Worth $ 10.9 13.3 13.2 
Secondary Control Rod Worth $ 0.5 2.3 5.8 
 
6.1.7 PWR spent fuel loading in blanket 
 
With the fuel composition in Table 2.6, a test was conducted to assess the feasibility of using a PWR 
spent fuel blanket. As Figure 6.5 shows, the spent fuel blanket with the same fraction of zirconium has 
more reactivity margin at the initial state, but the multiplication factor behavior shows a steeper decrease 
than that of the natural uranium blanket that leads to the shorter operation time. This is due to the higher 
fraction of 235U in the spent fuel, and the lower fraction of 238U than natural uranium; which causes more 
reactivity at the BOC where LEU is dominant, while less reactivity at the EOC where 239Pu is dominant. 
To achieve the target operation time, the spent fuel with the zirconium fraction reduced by 7 wt% was 
loaded, resulting in an operation time of 30 years. 
96 
 
 
 
Figure 6. 5. Core effective multiplication factor behavior for spent fuel loaded core. 
 
6.2 Safety Analysis 
 
6.2.1 Control system 
 
(1) Control rod configuration study 
The core control rod layout of the initial design stage shown in Figure 6.6 is not a practical configuration 
because there is only one primary control rod without redundancy although it has a large margin for 
shutdown. The rod worth is also not enough to make the core subcritical at BOC because the active core 
stays in the peripheral region. 
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Figure 6. 6. SM-SFR control rod configuration of initial design stage. 
 
It is necessary to distribute the control rod worth of the primary and secondary system. To adjust this, 
the numbers of control assembly for primary and secondary were distributed. Figure 6.7 shows the 
configuration of what has 3 more primary control rods than that of the core in Figure 6.6.  
 
    
 
Figure 6. 7. SM-SFR control rod configuration-B.1. 
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To perform the optimization work of the control rod configuration, four more configurations were 
proposed, as shown in Figure 6.8; the opposite arrangement of primary and secondary systems of the 
initial configuration (A), the opposite arrangement of primary and secondary systems in the 
configuration-B.1 (B.2), the configuration with a center blanket assembly instead of a control rod (C), 
and the configuration with a closer distance between control rods modified from configuration-C (D). 
The rod worth for each case is summarized in Table 6.4. Configuration-D was not included in the tables 
because it has shorter lifetime, as shown in Figure 6.9. Due to the radial breeding characteristic, the 
position of the peak rod worth is moving from the periphery to the center of the core according to the 
movement of the active core. The configuration A has 6 primary control rods but it has only one 
secondary control rod that does not secure the redundancy. In addition, it is impossible for the secondary 
rod to have enough worth in the center of the core at BOC, even with the enriched boron, due to the 
location of the active core. The difference between configuration-B.1 and -B.2 is the strongest rod worth 
for primary and secondary at each state. For the strongest one stuck rod worth, configuration-B.1 has 
greater rod worth in primary system at the center for MOC and EOC while configuration-B.2 does in 
the secondary system. This is because the effect of center control rod becomes dominant after the MOC 
due to the location change of the active core. 
 
 
   A(P6S1)            B.2(P3S4)             C(P3S3)         D(P3S3) - narrow 
 
 
Figure 6. 8. SM-SFR core layout with different control rod configuration. 
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Table 6. 4. Control rod worth for each control rod configuration. 
 
 A(P6S1) B.1(P4S3) B.2(P3S4) C(P3S3) 
Primary BOC 9.62 4.81 4.46 4.48 
Primary MOC 11.50 6.87 5.32 5.33 
Primary EOC 11.35 9.11 5.40 5.18 
Strongest one 
in Primary BOC 
1.06 
(center) 0.38 
(periphery) 1.00 
1.00 1.01 
Strongest one 
in Primary MOC 
1.39 
(center) 1.54 
(periphery) 1.36 
1.36 1.35 
Strongest one 
in Primary EOC 
1.47 
(center) 3.46 
 (periphery) 1.50 
1.50 1.45 
Secondary BOC 0.56 6.57 7.03 6.66 
Secondary MOC 2.11 7.81 10.00 7.72 
Secondary EOC 4.78 7.79 13.30 7.47 
Strongest one 
in Secondary BOC 
- 1.31 
(center) 0.58 
(periphery) 1.31 
1.29 
Strongest one 
in Secondary MOC 
- 1.86 
(center) 2.13 
(periphery) 1.86 
1.76 
Strongest one 
in Secondary EOC 
- 2.04 
(center) 4.85 
(periphery) 2.04 
1.96 
 
 
 
Figure 6. 9. keff trend for each configuration of control rod position. 
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Configuration-B and -C show more distributed rod worth for both the primary and secondary system 
and they have redundancy, so it is feasible to calculate the shutdown margin that always considers the 
one-stuck control assembly worth. It is desirable to have the rod worth of less than 1 $ for a primary 
rod for both configuration-B and -C. For this study, the shutdown margin for configuration-B.1 was 
evaluated for the consistency of the core geometry. To calculate the shutdown margin and evaluate the 
control rod system, the assessment for the maximum rod worth requirement was performed first. And 
for the maximum rod worth requirement, the temperature defects and reactivity faults were estimated. 
Temperature defects are summarized in Table 6.6 based on the temperature coefficients in Table 6.5. 
For the reactivity fault from the critical position, the most reactive primary rod worth was measured 
according to the rod position from the bottom to the top of the core, as shown in Figures 6.10~12. The 
reactivity fault from criticality can be found by pointing out the most reactive worth position and the 
value of the maximum single rod worth when the whole core reactivity is zero. The rod position and 
corresponding rod worth are 83 cm and 0.198 $, 81 cm and 0.339 $, 96 cm and 0.265 $ for BOC, MOC, 
and EOC. 
 
Table 6. 5. Temperature coefficients (¢/K). 
 
 BOC MOC EOC 
Doppler -0.008 -0.012 -0.010 
Axial expansion -0.038 -0.038 -0.035 
Radial expansion -0.090 -0.115 -0.128 
Sodium density -0.009 -0.002 0.004 
Total -0.145 -0.167 -0.169 
 
Table 6. 6. Temperature defects ($). 
 
 Hot full power to hot standby Hot standby to refueling 
 BOC MOC EOC BOC MOC EOC 
Doppler 0.012 0.019 0.016 0.014 0.023 0.019 
Axial expansion 0.061 0.061 0.056 0.072 0.072 0.066 
Radial expansion 0.145 0.184 0.204 0.172 0.218 0.243 
Sodium density 0.015 0.002 -0.006 0.018 0.003 -0.007 
Total 0.232 0.266 0.270 0.276 0.316 0.321 
*Assumption: Average fuel temperature: 560 ºC; inlet coolant temperature: 400 ºC; refueling 
temperature: 205 ºC. 
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Figure 6. 10. Reactivity worth trend at BOC. 
 
 
 
Figure 6. 11. Reactivity worth trend at MOC. 
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Figure 6. 12. Reactivity worth trend at EOC. 
 
In Table 6.7, the maximum rod worth requirement is assessed by the total summation of the temperature 
defects, overpower, burnup reactivity swing, uncertainties, additional margin for ATWS, and the 
reactivity fault. The calculation logic of the maximum rod worth requirement for the fast reactor and 
the uncertainty values can be found in references 1~3. 
 
Table 6. 7. Maximum rod worth requirement calculation ($). 
 
 
Primary Secondary 
BOC MOC EOC BOC MOC EOC 
Temperature defects 0.516 0.591 0.600 0.516 0.591 0.600 
   - Full power to hot standby 0.232 0.266 0.270 0.232 0.266 0.270 
   - Hot standby to refueling 0.283 0.325 0.329 0.283 0.325 0.329 
Overpower (3%/30% for primary/secondary) 0.007 0.008 0.008 0.070 0.080 0.081 
Burnup reactivity swing 0.625 1.067 0.284    
Uncertainties (RMS) 0.709 0.639 0.635 0.103 0.118 0.120 
   - Temperature defect (20%) 0.103 0.118 0.120 0.103 0.118 0.120 
   - Burnup reactivity (15%) 0.094 0.160 0.043    
   - Fuel axial growth (20%) 0.012 0.012 0.011    
   - Criticality prediction 1 1 1    
   - Fissile loading 1 1 1    
   - Refueling 1      
Additional margin (ATWS, etc) 1.8 1.8 1.8    
Reactivity fault (from critical position) 0.198 0.339 0.265    
Total 3.855 4.444 3.592 0.689 0.789 0.801 
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Table 6.8 shows the shutdown margin for configuration B. It was calculated by subtracting the 
maximum requirement from the reactivity worth available considering the one stuck assembly worth. 
The shutdown margin of the primary system at BOC is negative, but it becomes positive when the 
refueling uncertainty is not considered since it is not necessary in once-through operation. It is expected 
that configuration C is unlikely to have the margin for shutdown because it has a lager reactivity swing 
and larger reactivity fault. 
 
Table 6. 8. Shutdown margin calculation ($) of configuration B. 
 
 Primary Secondary 
BOC MOC EOC BOC MOC EOC 
Number of control assemblies 4 3 
Reactivity worth of system ($) 4.811 6.866 9.105 6.570 7.811 7.792 
Maximum worth of one stuck assembly ($) 0.998 1.544 3.463 1.305 1.856 2.038 
Reactivity worth available ($) 3.813 5.323 5.642 5.265 5.955 5.754 
Maximum requirement ($) 3.855 4.444 3.592 0.689 0.789 0.801 
Shutdown margin ($) -0.042 0.879 2.050 4.577 5.166 4.954 
 
(2) Alternative control rod material  
Europium sesquioxide (Eu2O3), or europium oxide, was used in burnup compensation rods of the BN-
600 reactor that was successfully operated until 1988. This material is substantially superior to boron 
carbide with regard to the high stability of its efficiency during reactor operation and the absence of gas 
release and swelling. Figure 6.13 shows the capture cross sections of 153Eu and the (n,α) reaction cross 
section of 10B. Boron seems to have better performance in neutron absorption but their mass fraction in 
nature should be considered; 10B: 19.9%, 11B: 80.1% and 151Eu: 47.8%, 153Eu: 52.2%. In addition, the 
absorption ability of 151Eu is similar to 153Eu. One more thing to consider is the cross section decrement 
in the region of over 1 MeV for the europium.  
To see the depletion behavior of europium as a control material and to compare it with boron, both 
materials were tested in configuration-A that has 6 primary control rods. Figure 6.14 shows the keff trend 
and control rod worth through the 30-year operation with the primary control rod fully inserted. At BOC, 
a boron-loaded core has a lower keff than that of a europium-loaded core. So it was confirmed that 
europium oxide is less effective than boron carbide in the fast neutron spectrum region (0.1~1 MeV). 
From MOC, however, the rod worth in europium oxide loaded core became greater than that of boron 
carbide loaded core. This is due to the build-up of gadolinium isotopes that are also characterized by 
high neutron absorption cross sections, shown in Figure 6.15, which is through the neutron capture by 
the europium isotopes. Therefore, the physical efficiency of neutron absorption by europium oxide does 
not practically decrease under long-term reactor irradiation. 
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Figure 6. 13. Absorption ability of 10B and 151Eu. 
 
 
 
Figure 6. 14. Control material depletion and the rod worth of B4C and Eu2O3. 
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Figure 6. 15. Capture cross section Gadolinium isotopes. 
 
To confirm the gadolinium production form the europium isotopes during the operation, the total 
number of gadolinium isotopes was tallied for both boron carbide loaded core and europium oxide 
loaded core. As shown in the two graphs of Figure 6.16, the 154Gd production is particularly noticeable 
that is come from the neutron capture of 153Eu which is the most abundant isotope among the europium 
isotopes.  
 
  
 
Figure 6. 16. Gadolinium isotopes production from Eu2O3 control core and B4C control core. 
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practical core design, the thermal property should be assessed with the comparison of the boron carbide, 
which is summarized in Table 6.9. The thermal expansion coefficient of the europium oxide is double 
to that of the boron carbide, while the thermal conductivity of the europium oxide is ten times less than 
that of the boron carbide. This suggests that the europium oxide requires an evaluation procedure for 
the thermal performance in some reactor core operation conditions. With the consideration for the 
mechanical property of europium oxide in the design stage, europium oxide is recommended for the 
use as a primary control rod material to control the core reactivity in the ultra-long cycle operation, and 
boron carbide as a secondary control rod material to shut down the core in any operation state.  
 
Table 6. 9. Comparison of structure and properties of monoclinic Eu2O3 and B4C [71]. 
 
Property Eu2O3 B4C 
Structure type Monoclinic Rhombohedral 
Theoretical density [g/cm3] 8.18 2.51 
Melting point [C] < 2300 2350~2500 
Specific heat [cal/mole/C, 0~800C] 33.3 16.6 (260C) 
Linear coefficient of thermal 
expansion [C-1 E-6] 
30~840C 10.5 4.5 (25~800C) 
0~1000C 10.35 5.54 (25~1000C) 
0~1200C 20.3 6.02 (25~1500C) 
Thermal conductivity 
[W/cmC] 
25C 3.42 33.5 
1000C 2.38 12.5 (800C) 
Young’s modulus [psi E-6] 4.5 65 
 
6.2.2 Quasi-static reactivity balance 
 
Table 6.10 shows the calculation result of the integral reactivity parameters A, B, C, and ΔρTOP for the 
quasi-static reactivity balance analysis, and the sufficient conditions to get the inherent safety features 
in the ULOF, ULOHS, and UTOP. The integral reactivity parameters for the suggested core are 
calculated as the negative values, which satisfies the first criterion of the safety criteria. It is also noted 
that the required conditions for ULOF, ULOHS, and UTOP are also satisfied by the calculation results 
using the integral reactivity parameters. Therefore, it is confirmed that the newly developed SM-SFR 
core has favorable inherent safety features in the neutronics point of view for the ATWS events. 
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Table 6. 10. Integral Reactivity Parameters. 
 
 BOC MOC EOC 
A: Power coefficient [¢] -30.99 -35.63 -39.97 
B: Power/flow coefficient [¢] -45.01 -48.71 -52.37 
C: Inlet temperature coefficient [¢/ ºC] -0.41 -0.42 -0.42 
ΔρTOP: Transient over power initiator [¢] 8.61 23.52 10.60 
Required conditions to attain inherent safety 
A/B < 1 0.69 0.73 0.76 
1 < CΔTc/B < 2 1.40 1.33 1.25 
ΔρTOP/|B| < 1 0.19 0.48 0.20 
 
6.2.3 ATWS analysis 
 
(1) ULOF Transient Event 
The cause for the ULOF event is assumed that the coolant pumps for the primary and intermediate loops 
are out of order due to power supply failure and etc. while the scram system is also fails. As shown in 
Figure 6.17, the flow decreases first at 10 seconds and is followed by the power reduction. The natural 
circulation flow rate is 5.1% at 10 minute. In Figure 6.18, net reactivity becomes negative right after 
loss of flow mainly by the radial and axial expansion because the power to flow ratio is more than unity 
until 142 seconds and it causes temperature increase of the core. The strong net negative reactivity leads 
the power to flow ratio back to unity and even less than unity, which is followed by core temperatures 
decrease. The fluctuations of reactivity in the Figure 6.17 are according to the power/flow ratio and they 
influence each other. During this 100 minute of ULOF, the peak clad temperature doesn’t reach the clad 
temperature limit of 923K and coolant boiling doesn’t occur although the sodium saturation temperature 
decreases as shown in Figure 6.19. 
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Figure 6. 17. Normalized power and inlet flow during ULOF. 
 
 
 
Figure 6. 18. Reactivity profile and normalized power/flow during ULOF. 
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Figure 6. 19. Temperature change during ULOF. 
 
(2) ULOHS Transient Event 
The response of ULOHS transient takes time to be visible because it is relatively indirect perturbation 
from the reactivity feedback while ULOF and UTOP has prompt or direct reactivity insertion to the 
core. The heat rejection is removed caused by feed water pump failure and the inlet temperature 
increases as shown in Figure 6.22. This leads the net negative reactivity in the core and consequently 
core power decreases as shown in Figure 6.20 and Figure 6.21. The peak temperatures don’t violate 
their limit for this ULOHS event. 
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Figure 6. 20. Normalized power and inlet flow during ULOHS. 
 
 
 
Figure 6. 21. Reactivity profile during ULOHS. 
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Figure 6. 22. Temperature change during ULOHS. 
 
(3) UTOP Transient Event 
For UTOP event, a programmed reactivity of 30 ¢ is inserted linearly through 15 seconds and it remains 
to the end of the transient as shown in Figure 6.24, which simulates a control rod extraction by an 
accident. The reactivity insertion leads the power increase which causes negative reactivity. Finally the 
net reactivity becomes negative and the power is back to unity after around 200 seconds as shown in 
Figure 6.23. During this event, the fuel and clad temperature increase and remain the increased 
temperature but they don’t reach the design limit temperatures as Figure 6.25 shows. 
600
700
800
900
1000
1100
1200
1300
0 1000 2000 3000 4000 5000 6000
T
em
p
er
a
tu
re
 (
K
)
Time (s)
TSat @ TCool
TFuel(JCLN|Peak)
TClad(JNEN|Peak)
TCoolAvg(JNCN|Peak)
Inlet Temp
112 
 
 
 
Figure 6. 23. Normalized power and inlet flow during UTOP. 
 
 
 
Figure 6. 24. Reactivity profile during UTOP. 
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Figure 6. 25. Temperature change during UTOP. 
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VII. CONCLUSION 
 
 
This study has been performed with an objective of the development of an advanced small modular 
sodium-cooled fast reactor core concept with the ultra-long cycle operation and the inherent safety. It 
is required for the newly developed core to have the feasibility of the PWR spent fuel utilization as well 
as natural uranium blanket. To satisfy the constraints and activate the advantages of SMR and SFR 
respectively, a design strategy was set first by investigating the each characteristics of SMR and SFR. 
There are some core physics to be analyzed in the fast reactor point of view, which is totally different 
from that of PWR due to the high energy spectrum of the incident neutron. The conversion ratio is a 
judging criterion for a fast reactor to separate its core between a burner and a breeder that it also 
anticipates the core life time and the operation feasibility. The conversion ratio is largely affected by 
the capture to fission and the fertile fission bonus. The arrangement of the pin and the assembly also 
determine the fast reactor core performance, and the triangular lattice is usually used to maximize the 
fuel volume fraction in order to have favorable physics parameters that it increases the conversion ratio 
and hardens the energy spectrum. For the safety point of view, some design parameters were reviewed. 
The fast reactors usually adopt double control rod system and there is no burnable poison like soluble 
boron in PWR. It is due to the fact that the mean free path is much longer and the reactivity swing is 
relatively small in fast reactor. The combination of metal fuel and liquid metal coolant is one of the 
most important design strategies because of the high conductivity and the inherent safety from it that 
was proven in the experiments. The coolant void reactivity and the core expansion reactivity are the 
crucial factors that determine the safety of the fast reactor during its operation. Their values can be 
positive or negative by the synthetic effect of the neutron leakage, the geometry change, and the energy 
spectrum hardening, which is expectable and adjustable by the core design. The assessment of some 
long-cycle operation fast reactors was performed to validate the operation feasibility and verify our 
code system at the same time. CANDLE, 4S, SMFR, and UCFR were chosen and the depletion 
calculation was conducted. In addition, the assessment of the material in the fast reactor core was 
performed to see the compatibility and possibility to optimize by reviewing the materials in the respect 
of fertile, fuel type, coolant, reflector, clad, and structure. 
With the assessment information of the long-cycle operation feasibility according to the core design and 
the material performance, a reactor design requirement was set especially focused on the core design to 
reach the design objective of SM-SFR. To decide the detail design parameters of the pin and the 
assemblies, a simplified single-channel analysis was performed so as to ensure the sufficient thermal 
margin of them. With the fixed core geometry and the material, a reference core was set that is loading 
the uniform enrichment fuel. Four core modeling cases, onion zoning, axial breeding, axial-dual 
breeding, and radial breeding, of the different arrangement of the driver fuel and the blanket, and 
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different fuel enrichment were proposed to assess the different depletion trend in the each case. The 
feasibility of the ultra-long cycle operation was firstly confirmed by the multiplication factor trend and 
its reactivity swing for each case. Through the additional analysis with the conversion ratio, power 
distribution, mass flow, neutron balance, and the neutron kinetics and reactivity parameters, the core 
characteristics of each case was evaluated so that it is prepared to optimize the final core design by 
some combination of the depletion cases. It was observed that the long life time with a large reactivity 
swing of the onion zoning case, the breeding potential but the subcritical state of the axial-dual breeding 
case, and the smaller reactivity swing than any other cases of the radial breeding case. From a sensitivity 
study of the enrichment and the amount of blanket in each breeding cases by some combinations of 
them, an optimized breed-and-burn model was drawn to be applied for SM-SFR. It has been confirmed 
that the final optimized core design operates 28.5 years with the reactivity swing of less than 500 pcm. 
The core has blanket region in its second and third radial rings with the 80 cm height and the enrichment 
of LEU region is 13.2 %. It breeds from the periphery to the center of the core mainly in radial direction 
and the conversion ratio is near 0.75 and it increases to 0.85 as the active core moves to the blanket 
region. The fuel material mass flow and the power distribution show that the breed-and-burn is achieved 
well by the fuel conversion in the driver fuel and the blanket respectively. As burnup proceeds and the 
active core moves to inner region of the core, the number of neutron per fissile absorption, eta, increases 
while the neutron leakage and the delayed neutron fraction decrease, which leads the increase of the 
sodium void worth and the control rod worth. It has also been confirmed that loading the PWR spent 
fuel in the blanket is feasible to have the comparable cycle length of NU blanket core with the reduction 
of the zirconium fraction to 7 wt%. 
To ensure the inherent safety of the newly developed SM-SFR, the safety analysis was performed. For 
the first, control rod system was optimized by the configuration change of the control rods for both 
primary and secondary systems and the shutdown margin was calculated through the reactivity worth 
available and the maximum requirement. Furthermore, europium oxide (Eu2O3) was proposed for the 
primary control rod material for that the physical efficiency of neutron absorption does not actually 
decrease under long-term reactor irradiation due to the gadolinium production so it is favorable 
especially for the ultra-long cycle reactor like SM-SFR. 
To assess the inherent safety in any operation state, the quasi-static reactivity balance analysis was 
performed for the ATWS events to evaluate in the neutronics point of view. The integral reactivity 
parameters are all negative, and the calculation result of the quasi-static reactivity for the three ATWS 
events satisfies each of the criteria. The inherent safety of the core was assessed by the transient analysis 
also using a thermal-hydraulic and neutronics analysis code for power and flow transient. For the ULOF, 
ULOHS, and UTOP events, the core has been confirmed that it has inherent safety features as analyzed 
in the neutronics balance analysis. 
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